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PREFACE 

More  than  in  any  previous  period,  advance s  in  engineer¬ 
ing  design  and  weapons  development  are  frequently  limited 
by  the  lack  of  suitable  materials.  In  spite  ot  this  situation, 
materials  research  and  development  as  such  is  not  yet 
receiving  the  attention  it  merits.  As  a  result,  any  step 
vdiich  will  increase  the  effectiveness  of  materials  research 
ir-  '  Navy  is  of  great  importance.  It  is  expected  that  this 
■osium  will  contribute  to  the  improvement  of  the  mate- 
ri"1  capabilities  of  the  Navy  by  providing  a  forum  for  the 
rapid  exchange  of  already  existing  information,  and  even 
mare  so,  by  bringing  to  the  attention  of  a  broad  group  of 
exp  ;rts  the  pressing  problems  which  have  to  be  solved  in 
order  to  take  fuil  advantage  of  new  ideas  for  the  design  of 
equipments  and  weapons. 
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Remarks  by 


Dr.  I.  Estermam; 
Symposium  Chairman 
Office  of  Naval  Roseacch 


This  year's  symposium  will  concentrate  on  material  research, 
a  subject  which  has  recently  received  a  tremendous  amount  of  atten¬ 
tion.  But,  to  paraphrase  Mark  Ttain,  "Everybody  talus  about  it,  but 
far  too  little  is  being  done  about  it".  I  hope  that  this  oymposium 
will.,  et  least  in  part,  correct  the  situation. 

Holding  this  symposium  in  Philadelphia  is  no  accident.  This 
city  has  a  tradition  of  basic  and  applied  research  as  exemplified  by 
the  large  number  of  scientific  and  educational  institutions  within  its 
borders.  In  particular,  holding  it  at  this  hotel  is  even  more  meaning¬ 
ful  because  the  hotel  bears  the  name  of  one  of  the  foremost  applied 
scientists  in  the  United  States,  Benjamin  Franklin,  Moreover,  the  Navy 
has  had  associations  with  Philadelphia  for  a  very  long  time  and  is 
operating  a  large  number  of  research  and  development  establishments  in 
this  area.  Unfortunately,  these  establishments  are  much  less  known 
than  they  deserve,  even  within  internal  Navy  circles.  This  may  be  due 
to  the  fact  that  Philadelphia  is  so  close  to  Nevr  York  on  one  hand  and 
Washington  on  the  other  hand  that  most  of  us  don’t  ever  bother  to  stop 
here.  I,  personally,  have  been  through  Philadelphia  at  least  a  hun¬ 
dred  times,  but  I  think  this  is  the  third  time  that  I  have  ever  gotten 
off  the  plane  or  off  the  train.  I  must  confess  that  many  of  the  Navy 
Research  and  Development  Activities  in  this  area  are  still  unknown  to 
me.  A  symposium  here  will  give  us  an  opportunity  to  become  more  fa¬ 
miliar  with  the  excellent  work  that  is  being  done  by  the  Navy  in  this 
area. 
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Remarks  by 


Rear  Admiral  J.  N.  ^urphy,  USN 
Commander 

U.  S.  Naval  Air  Research  and  Development 
Activities  Command 


The  Naval  Air  Research  and  Development  Activities  Command, 
until  very  recently  known  as  the  Naval  Air  Development  and  Material 
Center,  is  greatly  honored  and  is  moat  appreciative  of  the  fact  that 
one  of  its  activities,  the  Naval  Air  Material  Center,  hec  been  se- 
‘  lected  by  the  Office  of  Navel  Research  to  serve  as  your  host  for  the 
Third  Navy  Science  Symposium. 

The  Naval  Air  Research  and  Development  Activities  Commend 
(or  NARDAC)  has  on  board  today  just  under  seven  thousand  capable  and 
dedicated  people.  Our  mission  covers  practically  every  aspect  of 
research,  development,  test,  and  evaluation  of  naval  aviation  equip¬ 
ment  other  than  complete  weapon  systems. 

Almost  every  component  and  sub- system  that  is  used  in  our 
Naval  aircraft  and  associated  guided  missile  weapon  systems,  as  well 
as  all  equipment  used  to  launch  and  arrest  aircraft  on  board  our  car¬ 
riers,  is  of  vital  interest  to  the  various  activities  of  our  command. 

Concentrated  in  the  Delaware  valley  area,  NARDAC  is  composed 
of  five  subordinate  activities.  These  are:  The  Naval  Air  Development 
Center,  Johnsville,  Pennsylvania;  The  Naval  Air  Turbine  Test  Station, 
Trenton,  New  Jersey;  The  Naval  Air  Test  Facility  (Ship  Installations), 
Lakahurat,  New  Jersey;  The  Naval  Air  Technical  Services  Faci  lity, 
Philadelphia;  and  last,  but  the  oldest  and  largest,  The  Naval  Air 
Material  Center,  Philadelphia  -  your  host  activity. 

The  work  of  these  activities  covers  every  possible  application 
of  material*.  Because  of  the  great  diversity  of  our  work,  we  can  cer¬ 
tainly  see  and  appreciate  the  vital  importance  that  materials  research 
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plays  in  our  complex  technology  today, 

To  the  public,  the  discovery  of  c  nev  alloy,  or  a  new  lub¬ 
ricant,  or  perhaps  a  nev  fabrication  technique  is  not  as  glcniorous 
as  a  rocket  soaring  into  space,  or.  ♦  super-sonic  airplane  going 
through  its  trails.  But  we  can  gam  everlasting  satisfaction  from 
the  knowledge  that,  without  materials  research  rackets  and 

super-sonic  aircraft  would  have  been  impractical.  Every  day  we  see 
examples  of  ideas  that  are  scientifically  feasible  but  which  are 
technically  impracticable  because  we  do  not  have  materials  with  which 
to  convert  such  ideas  to  hardware. 

I  hope  that  through  this  symposium,  v*  may  gain  knowledge, 
and  exchange  ideas  which  will  provide  new  materials,  and  new  ap¬ 
plications  of  materials,  so  that  our  technological  progress  will  be 
outstanding  in  the  years  ahead. 
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REMARKS 


Rear  Admiral  R.  Bennett,  USN 
Chief  of  Naval  Research 
Washington,  V>.  C. 


I  am  very  happy  indeed  to  welcome  you  to  this  Third  Navy 
Science  Symposium.  I  think  we  all  appreciate  the  problems  that  the 
Navy  faces  in  the  materials  area.  Moreover,  I  think  we  all  appre¬ 
ciate  the  importance  of  the  factors  of  reliability  and  availability 
in  meeting  our  material  needs.  However,  I  do  not  think  that  gener¬ 
ally-  -al  though  T  would  exempt  moat  of  those  here-~there  is  enough 
appreciation  of  the  bottlenecking  that  is  occurring  because  we  do 
not  have  enough  investigation  of  materials  and  components.  I  would 
say  that  there  is  hardly  a  development  project  on  the  books  in  Wash¬ 
ington  today  which  will  not  have  to  be  compromised  or,  at  best, 
delayed  for  lack  of  proper  materials. 

It  is  trite  to  remind  you  that  the  Navy  is  now  involved  in 
all  possible  environments  from  the  latest  proposed  submarine  depths 
of  1^00  feet  to  outer  space.  Each  of  these  areas  of  operation  has 
its  own  requirements.  One  thing  I  must  continually  stress  is  relia¬ 
bility,  particularly  as  we  prepare  for  the  space  age  in  which  the 
Navy  will  definitely  play  an  important  part. 

Without  regard  to  whether  the  Air  Force,  the  Army,  or  the 
Navy  puts  a  man  in  space  or  not,  the  Navy  is  bound  to  have  some 
vehicles  in  space  since  such  vehicles  would  be  of  paramount  import¬ 
ance  in  carrying  out  that  part  of  our  mission  which  involves  observ¬ 
ing  and  controlling  the  seas  of  the  world.  And  yet  when  one 
considers  the  degree  of  reliability  that  must  be  achieved  in  such 
vehicles,  one  can  really  get  cold  feet. 

We  have  already  had  a  taste  of  this  in  the  very  interesting 
Navy  Vanguard  project.  The  original  engineering  predictions  were 
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that  it  would  require  the  launching  of  six  vehicles  to  place  one 
full-scale  satellite  in  orbit  during  the  l8-month  TGY,  which  ended 
December  31*  1958.  We  are  pleased  that  Vanguard  has  performed 
exactly  according  to  these  predictions,  barring  a  six  veeke  delay 
beyond  the  Navy’.*  control.  This  was  the  postponement  of  the  firing 
of  the  sixth  vehicle  from  December  to  February  by  the  National  Aero¬ 
nautics  and  Space  Administration  in  reviewing  the  project. 

Actually,  we  received  a  bonus  in  or  Hi  of  the  first  or 

baby  satellite.  To  place  that  or  the  more  recent  one  into  orbit,  not 
only  did  the  300>000  odd  parts  of  this  three-stage  vehicle  have  to 
hold  together  but  more  than  10,000  of  them  had  to  function  in  proper 
order.  • If  this  were  not  enough,  the  satellite  itself  had  to  function 
perfectly  The  success  we  have  had  is  a  tribute  to  the  fact  that 
some  of  you  gentlemen  and  others  have  been  doing  your  homework. 

What  was  achieved  in  the  case  of  the  first  Vanguard  satel¬ 
lite  was  an  orbit  that  is  at  present  so  stable  that  ray  mathematical 
friends  refuse  to  say  how  many  thousands  of  years  it  will  endure  for 
fear ‘they  will  be  laughed  at.  Actually,  the  estimate  of  200  years 
in  orbit  is  probably  a  gross  understatement.  What  ic  most  interest¬ 
ing  of  all  to  you  people  is  the  fact  that  as  of  today  the  transmit¬ 
ter  in  that  satellite  powered  by  solar  cells  will  have  been  operating 
for  more  than  9000  hours  continuously  without  any  measurable  change 
in  signal  strength. 

Now  I  would  like  to  close  with  the  unnecessary  reminder 
that  our  laboratories  play  an  extremely  important  part  in  the  devel¬ 
opment  of  components  and  materials.  To  ray  way  of  thinking,  the 
emphasis  of  this  role  is  why  this  sort  of  symposium  is  a  must.  I 
wish  you  all  the  best  of  luck  and  success  in  obtaining  the  greatest 
increase  of  information  in  the  course  of  your  meeting.  I  especially 
recommend  that  in  talking  to  your  colleagues  from  other  laboratories, 
yov  make  a  special  point  of  finding  out  what  they  did  that  did  not 
work.  This  is  sometimes  a  most  important  piece  of  research  informa¬ 
tion,  and  it  is  almost  never  published.  Thank  you. 
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MATERIALS  RESEARCH  IN  THE  NAVY 


Keynote  Address  by 

VAEM  E.  W.  Clexton,  USN,  Chief  of  Naval  Material 
Before  the  Third  Kavy  Science  Sysposiua 


Good  Morning  Dr.  Esteraann,  ADM  Murphy..  ATM  Bennett.  CAFT  Arnold, 
LAdies  and  Gentlemen: 

I  am  very  pl.eatec  •■*•0  have  the  opportunity  to  address  this 
group,  particularly  here  in  Philadelphia.  The  holding  of  the  Third 
Navy  Science  Symposi ■  at  .Me  site  is  aost  propitious,  ror  it  ie 
here  that  ve  see  she  bhelow  rf  une  of  America1 e  men  of  science 
everywhere  that  ve  loci..  As  far  back  as  1727  Benjamin  Pru’ikiin 
organized  a  group  of  men  who  were  interested  in  keeping  themselves 
informed  of  the  developments  in  literature,  art  and  science.  This 
group  was  the  forerunner  of  the  American  Philosophical  Society, 
which  was  founded  in  17^3,  the  oldest  scientific  society  on  the 
American  continent.  Today  we  still  have  this  society  in  Phila¬ 
delphia.  In  addition,  we  have  other  famous  organizations  in  thiB 
city  that  are  contributing  materially  to  the  fields  of  science: 
the  Franklin  Institute,  which  is  devoted  to  the  study  and  promotion 
of  mechanical  and.  applied  science,  the  University  of  Pennsylvania 
and  Temple  University.  These  are  but  a  few  organizations  who  are 
an  outstanding  contribution  to  the  sciences.  The  list  of 
the  outstanding  companies  working  in  this  area  is  too  long  for  me 
to  list. 


For  nearly  forty  (40)  years  my  life  has  been  the  Navy. 
All  devoted  Navy  men  have  one  goal:  To  see  to  it  that  the  United 
States  has  the  finest  Navy  in  the  world.  Today,  more  than  ever 
before,  this  is  a  task  which  is  dependent  upon  obtaining  better 
tools  than  any  hostile  forces  can  get.  To  attain  this  goal,  the 
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Navy  Is  dependent  upon  you,  our  scientists,  and  later  on  our  engi¬ 
neers  and  production  people. 

The  fact  that  you  are  svare  of  the  importance  of  the  Navy 
to  the  nation  is  evidenced  by  your  presence  here  today.  So  I  am  not 
going  to  talk  Navy  with  you.  I  am  going  to  talk  on  the  ijsportance  of 
a  coordinated  materials  research  program,  because  I  personally  feel 
that  if  ve  are  to  Bake  significant  advances  in  materials  technology, 
it  viii  only  be  done  through  a  properly  coordinated  program. 

Engineering  design  has  outstripped  materials  research.  The 
design  engineer  in  translating  military'  requirements  into  a  blueprint, 
searches,  all  too  often,  for  a  material  that  he  cannot  find.  Like 
Mother  Hubbard,  seeking  a  bone  for  her  dog,  he  gees  to  the  cupboard, 
only  to  find  it  bare.  Unlike  Mother  Hubbard,  however,  he  is  looking 
for  an  item  whose  supply  is  not  merely  depleted  but  something  h* 
suspects  does  not  exist.  How,  then,  does  he  obtain  it?  Ve  all  knew 
the  answer  ~  "A  crash  program"  is  initiated.  The  crash  program 
eventually  solves  the  problem  at  hand,  and,  although  it  is  v©ry 
expensive  in  scientific  talent  and  effort,  it  contributes  little  to 
the  over-all  understanding  so  necessary  for  significant  advances  in 
materials  technology.  To  make  matters  worse,  unless  the  maximum 
dissemination  of  this  "hard  to  came  by"  knowledge  is  made,  a  similar 
problem  say  bo  the  cause  of  a  further  crash  program  that  dissipates 
additional  research  effort.  Such  symposia  as  this  vill,  it  is  our 
Blncerest  belief,  help  the  Navy,  and  eventually  the  whole  Defense 
Department,  realize  the  greatest  return  for  its  investment.  We  must 
continue  working  on  a  program  of  coordinated  basic  materials  research 
and  then  disseminate  the  scientific  knowledge  obtained. 

To  solve  seme  of  these  problems  is  not  going  to  be  easy. 
Indeed,  it  is  going  to  be  made  more  difficult,  because  every  time  our 
potential  enemies  have  made  a  breakthrough  in  a  given  area,  we  see® 
to  have  to  resort  to  the  crash  program  approach  so  that  we  too  can 
show  that  we  have  made  equal  or  greater  advances.  Whatever  we  do  in 
cur  approach  to  solving  our  many  problems  in  this  area  I  reel  that 
we  must  think  along  these  lines — 

The  time  available  to  us; 

The  use  of  every  available  individual;  and  finally. 

The  cost. 

Navy  procurement  and  production  must  be  increasingly  con¬ 
cerned  with  the  materials  developed  by  industry  for  use  in  its 
weapons  and  equipment.  Our  requirements  have  imposed  demands  on 


Clexton 


i 

Bate rial 8  of  a  magnitude  never  before  conceived  of.  The  list  of  new 
products  which  the  Navy  is  seeking  is  too  great  for  me  to  enumemtc 
here.  Let  it  suffice  to  say  that  supersonic  aircraft  and  engines, 
miniaturisation,  automation,  high  reliability,  exact  navigation 
systems,  fire  control,  communications,  anti-submarine  detection 
identification  and  destruction  devices,  and  guidance  systems  are 
only  a  few  of  the  haunting  unanswered  problems.  Answers  to  these 
problems  sure  boing  sought  from  you  ladies  and  gentlemen.  Problems 
that  perhaps  none  of  us  have  considered  at  all  may  be  but  a  moment 
away.  For  one  of  the  most  significant  changes  in  our  national  life 
is  that  no  longer  can  we  be  sure  tliat  time  is  working  in  our  favor. 

Indeed,  there  is  every  evidence  that  it  is  not  working  in  our  favor, 
and  that  we  must  seek  new  avenues  and  new  approaches  to  solving  cur 
problems  which  will  offset  this  former  reliance  on  time. 

At  the  turn  of  the  present  century  the  U.  S.  Navy  had  a 
new  coal  burning  fleet.  The  dreadnought,  an  all  big  gun  ship,  was 
on  the  drawing  boards.  Today  we  have  attack  aircraft  carriers, 
super  high  pressure  steam,  nuclear  power,  and  our  big  guns  are  now 
missiles.  In  1900,  the  Wrights  first  flight  was  three  years  away. 

Today  the  exploration  of  cuter  space  and  the  depths  of  the  sea  are 
upon  us.  In  the  fields  of  humanity,  new  diseases  are  being  conquered 
year  by  year;  and  new  improvements  for  cur  comfort,  for  our  entertain¬ 
ment,  and  for  our  happiness,  surround  us. 

But  in  the  annals  of  history,  what  a  short  period  of  time 
this  is l  And  how  little  we  have  learned  about  controlling  these 
inventions  that  they  may  be  used  for  peaceful  purposes  l  The  Russo- 
Japanese  War,  World  Wars  I  and  II,  Korea  and  the  continuing  threat 
of  nuclear  holocaust  are  all  mute  evidence  that  ve  have  failed. 

But  we  must  try  and  try  again  to  seek  an  answer  to  this  most  com¬ 
pelling  problem  of  all. 

The  pressure  is  on  our  research  institu wions— private  and 
public—  to  give  us  more  and  more  technical  superiority  in  our 
military  endeavor.  This  must  be  a  rapid  and  continuing  development. 

The  users  of  your  scientific  achievements  are  impatient  for  your 
dreams  of  tomorrow.  Advances  in  technology  required  to  modernize 
military  equipment  come  either  directly  or  Indirectly  from  basic 
research.  Consequently,  research  in  the  basic  physical  sciences 
is  the  principal  source  of  technological  innovations  affecting  the 
concepts  and  techniques  of  warfare. 

If  we  accept  this  theory  of  the  criticalness  of  time  we 
are  forced  to  look  at  compensating  meano.  This  means  the  testing  of 
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every  idea,  the  us*  of  all  existing  resources,  &nd  the  coordination 
of  effort.  Can  you  really  think  of  any  wore  staggering  problem? 

It  means  digesting,  synthesizing  the  experiments  of  basic 
research  and  broadcasting  the  efforts  and  results  to  the  nation' s 
sclent,! h+.c  so  that  like  effort  is  not  expended  uy  these  once  a 
development  has  became  successful;  or,  that  the  pattern  of  failure 
may  be  made  known  to  them  and  to  solicit  their  help  for  another 
attempt.  It  the  dibcoveries  of  one  individual  or  group  on 

which  to  build  for  future  developments.  How  very  nice  and  what  a 
comfortable  feeling  It  might  be  to  assign  to  one  certain  group  of 
research  laboratories  a  specific  field  and  limit  them  to  that  area. 

At  least  the  spectrum  we  seek  would  be  reduced.  But  you  will  note 
that  I  said  might.  For  competition  is  still  the  best  stimulus  to 
new  breakthroughs. 

I  know  of  no  simple  way  for  coordinating  the  efforts  of  a 
materials  research  program  except  the  patient  review  by  qualified 
scientific  personnel  followed  by  firm  decisions.  The  Department  of 
Defense,  as  you  have  probably  heal'd,  has  several  competing  com¬ 
ponents.  Within  bounds,  I  believe  that  this  is  good  for  the  country. 
Certainly  our  Army,  Navy,  Air  Force  competitive  research  programs 
should  be  coordinated  by  the  Director  of  Research  and  Engineering 
of  the  Office  cf  the  Secretary  of  Defense  who  baa  been  given  the 
broadest  latitude  by  the  Congress  to  channel  all  defense  research 
efforts.  This  office  also  works  with  other  national  agencies  of 
like  purpose.  Within  the  Navy,  RADM  Bennett,  from  whom  you  have 
just  heard,  heads  our  Office  of  Naval  Research,  w'hose  mission  is  to 
coordinate  the  Navy's  research  efforts.  This  has  been  well  done. 

It  provides  a  pattern  which  could  be  used  by  higher  echelons. 

But  I  feel,  in  fact  I  know,  that  we  have  many  untapped 
resources.  These  must  also  be  explored  and  pulled  together  to  save 
time  and  effort. 

Finally,  I  would  like  to  pursue  further  this  saving  of 
money.  Most  of  you  here  today  are  scientists.  But,  Gentlemen, 

I  work  on  the  other  side.  My  efforts  are  concerned  with  using  what 
you  invent  and  develop.  It  must  be  good.  And  this  i6  going  to  be 
costly.  On  the  other  hand,  we  cannot  afford  either  time,  manpower 
or  money  to  duplicate  the  effort  which  must  be  put  into  this  project, 
and  I  might  add  we  cannot  afford  to  refine  a  product  to  such  a  degree 
that  we  are  driving  a  Cadillac  when  a  Rambler  will  get  us  there. 

Go,  Ladies  and  Gentlemen,  I  would  like  to  leave  these  few 
thoughts  with  you  ac  you  enter  upon  your  extensive  and  excellent 
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program.  You  need  a  strong  Navy,  including  the  Marine  Corps,  and  you 
also  need  a  strong  Army  and  Air  Force.  The  country  expects  each  to 
be  ready  and  expert  in  its  field.  These  Services  cost  a  great  deal 
of  money,  but  they  provide,  with  our  Allies,  the  only  known  shield 
today  for  our  western  way  of  life.  A  strong  Navy  is  dependent  upon 
the  most  improved  technical  syst owe  continually  fluwi.jg  H uw  cur 
research  laboratories . 


Time  is  priceless,  since  we  do  not  know  what  the  scientists 
in  Moscow  have  Just  presented  to  the  Soviet  Minister  of  Defense.  To 
gain  this  oiine,  we  oust  capture  and; disseminate  every  idea,  break¬ 
through,  discovery,  and  development  to  insure  that  we  have  what  we 
need  and  we  get  the  most  for  our  efforts. 

This  whole  problem  is  one  to  which  the  Government  and 
industry  has  given  a  great  deal  cf  thought.  As  I  stated  earlier,  I 
am  sure  that  there  is  no  easy  answer.  But  there  is  an  answer.  We 
must  continue — both  industry  and  the  military— to  seek  an  optimum 
answer  in  this  area  of  materials  research  planning  and  programing 
to  insure  a  broad  base  of  materials  research  knowledge  in  lieu  of 
the  narrow  channels  of  crash  program  results.  The  price  always 
seems  high.  I  know  that  we  cannot  afford  to  dissipate  our  time, 
our  scientific  manpower  and  our  money.  These  efforts  aaist  be 
channeled  properly,  and  it  is  to  you.  Ladies  and  Gentlemen,  that 
we  look  for  our  answers  as  to  how  best  we  can  do  this. 
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Hr.  Chairman,  fellow  citizens  of  the  United  States  of  America. 
It  is  really  a  particular  pleasure  to  be  here  with  you  today,  not  only 
because  of  my  associations  with  the  Navy,  but  also  because  of  my  as¬ 
sociations  with  the  city  of  Philadelphia.  My  first  association  with 
the  Navy  actually  had  to  do  with  the  Naval  Shipyard  here,  where  Mac 
Kennedy  vaa  and  la  the  Metallurgist.  He  would  bring  his  problems  to 
Temple  University.  Mac  and  I  ran  the  Laboratory  at  Temple  University 
where  we  gave  the  laboratory  course,  in  connection  with  a  series  of 
lectures  that  I  gave  in  Advanced  Metallurgy.  I,  too,  have  been  th¬ 
rough  Philadelphia  more  then  a  hundred  times  bu.  once  I  stayed  here 
for  a  few  years.  It  Is  also  a  rare  pleasure  to  be  here  because  one 
of  my  pet  avocations  is  the  International  Benjamin  Franklin  Associ¬ 
ation  of  which  I  am  a  member  of  the  Board  of  Trustees,  So  putting 
it  all  together,  you  see  why  i  am  happy  to  be  here  with  you. 

In  introducing  a  symposium  on  materials  of  this  kind,  it 
sterna  to  me  worthwhile  first  to  put  the  subject  in  its  historic  per¬ 
spective.  I  could  do  this  by  statistics,  of  course,  but  I  am  very 
leary  of  statistics,  you  can  draw  ao  many  conclusions  from  them. 

My  pet  illustration  on  that  subject  has  to  do  with  the  life  insurance 
tables.  The  companies  put  out  tables  showing  the  proper  weight  and 
height  relationship  for  paople  of  various  ages.  If  you  look  at  these 
and  then  take  the  data  on  most  Americans,  there  is  only  one  obvious 
conclusion,  and  that  is  that  most  Americans  are  two  inches  too  short. 

So  I  will  teke  the  illustrative  approach. 

Inataad  of  starting  with  materials  themselves  and  their  de¬ 
velopment  over  the  centurie*,  I  am  going  to  take  the  speed  of  m*n  as 
s  first  illustration.  For  hundreds  of  thousands  of  years,  man  could 
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go  no  falter  than  hla  feet  would  carry  him.  One  mile  in  slightly  more 
than  four  minutes.  In  the  last  few  years  man  has  done  it  in  slightly 
less  than  four  minutes.  But  Chat  is  unimportant.  And  he  could  go  no 
faster  than  that  from  tine  immemorial  until  about  4000  years  ago,  when 
he  got  on  the  back  of  a  horse.  And  when  he  got  on  the  back  of  a  horse 
he  doubled  hie  speed*  A  mile  In  two  minute*,  roughly*  That  wsa  4000 
ago.  Then  from  4000  years  ago  until  the  first  third  of  the  last  cen¬ 
tury  he  went  no  faster.  Then  we  had  the  stesm  engine  and  thr,  railroad 
tracks,  it  wasn’t  long  before  he  was  doing  a  mile  in  one  minute.  Well, 
he  did  essentially  no  better  than  that  until  the  first  half  of  this 
century.  Then  came  the  airplane.  With  the  conventional  airplane,  we 
covered  a  mile  in  twelve  seconds.  And  with^the  jet,  twenty  odd  years 
later,  a  mile  in  two  seconds.  And  now  within  the  next.  10  years  we  will 
have  a  man  in  orbit,  with  a  speed  of  a  mile  in  one  fifth  of  a  second. 

This  makes  a  very  imposing,  rising,  accelerating  curve  even 
if  you  plot  it  on  log- log  paper  and  with  it,  of  course,  have  come  new 
material  problems.  Let's  see  what  happened  to  materials  while  this 
was  going  on.  Kan  used  stone  and  wood  originally  and  then  discovered 
those  elements  that  occur  in  their  native  state  -  gold  and  copper. 
Somehow  or  other  he  discovered  hov  to  handle  the  easily  reduceable 
ores  that  were  available.  He  tied  and  ie-i,  zinc,  tin  and  iron 

and  this  was  pretty  much  the  list  during  the  age  when  he  was  travel¬ 
ling  as  fast  as  a  horse  would  carry  him.  Then  we  come  into  the  nine¬ 
teenth  century.  Just  before  that  time,  Watt  had  discovered  the  steam 
engine  and  with  it  came  a  demand  for  stronger  end  better  materials  and 
then,  with  the  railroad,  this  demand  increased  further.  Chemistry 
changed  from  a  black  art  to  a  science  and  the  science  of  Chemistry 
was  applied  to  materials  and  so,  in  the  nineteenth  century,  could 
add  to  our  list  of  known  metals  most  of  those  materials  that  are 
common  today  -  maybe  not  in  quantity,  maybe  not  with  todays  economic 
possibility,  but  they  had  been  made,  they  were  there,  they  were  re¬ 
cognized  and  they  were  used  -  tungsten,  columbium  and  so  on.  Now, 
what  else  was  happening  to  Chemistry  in  this  time?  Among  chemical 
materials,  salt  has  been  available  from  time  immemorial;  sulphur  ex- 
aisted  in  elemental  form  in  the  earth  and  man  discovered  it  and  put 
it  to  use  pretty  early;  as  soon  as  he  had  enough  Chemistry  to  do 
something  with  it.  That  waa  just  about  it  until  Chemistry  really 
went  to  work  at  the  end  of  the  nineteenth  century.  At  the  begin¬ 
ning  of  this  century,  we  find  new  chemicals  and  new  materials  based 
on  Chemistry,  non-metallic  in  character,  coming  into  the  picture,  in 
0.  big  way  and  then  what  happened?  During  World  War  I  and  shortly 
thereafter,  Bragg,  in  England,  following  up  on  the  work  of  the  French 
and  the  Germans  in  X-Rays,  learned  how  to  locate  atoms  in  matter.  He 
learned  that  a  crystal  comprised  a  regular  arrangement  of  atoms.  This 
was  th*  beginning  of  the  application  of  physics  to  the  science  of 
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materials,  and  with  this  combination  of  the  application  of  chemistry 
and  the  application  of  phyaice  to  the  science  of  materials  we  come 
to  the  present.  Today  we  truly  have  e  science  of  materials.  We  can 
begin  to  think  in  theoretical  terms  of  producing  materials  to  a  truly 
tailor-made  specification,  and  to  apply  that  theory  and  really  do  it. 

Now  I  want  to  go  off  on  another  track*  partly  historical, 
partly  psychological.  You've  heard  from  my  predecessors  hare  on  the 
platform  this  morning  that  now,  as  never  before,  we've  needed  new 
materials  end  that  materials  are  the  greatest  limitation  in  engi¬ 
neering.  I  submit  that  there's  nothing  new  about  that  at  ail.  Ma¬ 
terials  have  alwaye  been  the  limiting  factor  on  engineering  design. 

But  there  is  a  difference.  I'm  not  contradicting  what  they  said  but 
I  am  trying  to  point  out  that  this  is  not  a  new  phenomenon.  It  is 
new  in  degree,  but  not  in  kind.  What  happened  all  through  the  last 
century?  We  built  ships,  we  built  telephone  lines,  we  built  machinery 
and  what  did  the  engineers  do?  They  had  the  concepts  and  they  ac¬ 
cepted  the  limitations  of  the  materials  at  hand  because  there  was  no 
great  hope  of  getting  anything  else  within  a  reasonable  time.  They 
cried  for  better  materials  and  this  cry  was  heard  and  we  did  get  bet¬ 
ter  materials  later.  Materials  were  improved.  Tne  two  hundred  thou¬ 
sand  pound  per  square  inch  landing  gear  steel  of  World  War  II  was  an 
Impossibility  in  World  War  I  and  so  on.  We  could  give  many  illus¬ 
trations.  We  all  know  the  story.  Materials  were  vastly  Improved 
because  of  the  cry  of  the  engineer,  but  tha  engineer  didn't  wait  for 
them  and  didn't  count  <>n  them.  He  still  doesn't.  This  is  where  the 
psychological  change  has  come  into  the  picture.  With  this  very  rapid 
increase  in  scientific  knowledge,  and  with  the  rapid  increase  in  the 
application  of  that  knowledge  to  our  engineering  structures,  military 
»nd  otherwise-  we  have  gotten  to  n  stage  where  a  good  many  of  the 
newer  things  dreamed  up  by  the  scientists  are  being  put  into  develop¬ 
ment  and  tc  to  use  so  fast  that  the  engineer  hardly  gets  a  look  at 
them.  They're  engineered  by  the  physicists  and  the  scientists  in 
large  measure.  Now  these  people  have  a  different  tradition.  These 
people  know  that  the  science  of  materials  has  potentialities.  These 
people  no*,  only  cry  for  new  materials,  they  say  this  is  what  we  want 
to  do,  we  know  we  can't  do  it  without  the  new  materials,  we  are  not 
going  to  do  anything  less  -  so  roll  up  yovr  sleeves  in  the  laboratorie 
and  get  the  new  materials  for  us,  not  later  but  now!  This  is  a  very 
different  psychological  approach  than  we  had  twenty-five  years  ago, 
and  it  is  different  than  what  we  get  from  engineers  today  because  most 
engineers  take  the  position  that  reliability  Is  still  the  most  impor¬ 
tant  factor  as  Rawson  Bennett  said.  By  virtue  of  their  training  and 
upbringing,  engineers  feel  that  the  only  way  to  guarantee  reliability 
is  by  experience.  Now  the  physicist  and  the  scientist  feel  otherwise. 
They  feel  that  they  can  guarantee  reliability  by  having  a  device  that 
is  theoretically  correct.  There  is  something  to  be  said  for  both 
points  o£  view,  but  It  explains  why  we  now  have  this  terrific  cry 
and  urge  for  new  materials. 
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What  are  v«  doing  ebnut  It,  and  where  cogs  industry  come  into 
tha  picture?  Hare,  we  coma  to  the  question  of  motivation.  The  de¬ 
fense  forces,  including  the  Navy,  are  motivated  by  a  need  to  meet  a 
requirement  without  the  s«sc  kin  d  of  an  economic  limitation  that  mo¬ 
tivates  industry  to  meet  a  requirement.  Nov  I  do  not  mean  by  that 
that  thera  are  no  economica  in  the  defense  picture.  Them  are!  The 
titanium  story  is  a  case  in  point.  The  Air  Corps  said  they  could  use 
titanium  -  at  $20.00  a  pound.  Tha  Navy  aaid  they  couldn't  use  it  un¬ 
til  it  was  under  $6,00  e  pound,  if  I  remember  my  numbers  correctly, 
end  the  Army  aeid  they  couldn't  use  it  until  it  was  under  $3.00  a 
pound.  I  submit  that  no  matter  what  you're  talking  about,  the  eco¬ 
nomic  factor  does  come  in.  He  heard  about  r  new  battery  that  is  going 
to  lest  forever  powered  by  one  of  the  radio- isotopes.  The  newspaper 
accounts  were  glorious,  and  the  battery  will  do  everything,  that  the 
newspapers  aaid  ic  will  “hat  they  failed  to  state  wat  that  it 

took  about  $425,000  worth  of  thi«  particular  radio-isotope  to  make 
one  small  battery!  This,  you  sec,,  brings  in  the  economic  factor  again. 
So,,  even  in  the  military  problem  we  have  the  economic  factor,  but  it 
la  there  to  e  lesser  degree.  Often,  the  two  motivations  can  jibe; 
that  is,  the  material  needed  for  a  military  (Navy)  requirement  is  al¬ 
so  naeded  for  a  civilian  requirement ,  and  can  be  made  cheaply  enough 
if  we  are  smart  enough  to  do  the  right  kind  of  research  in  industry, 
s«  that  it  meets  industry's  profit  cwtive.  when  this  happens ,  it  is 
wonderful.  But,  take  a  thing  like  scandium  for  example,  it  ia  pretty 
hard  to  figure  out  how  any  industry  is  going  to  satisfy  the  profit 
motive  by  producing,  developing  end  getting  into  the  market  with  scan¬ 
dium,  and  so  wa  need  a  slightly  different  approach.  Now,  if  somewhere 
in  Industry  you  have  the  skills  to  do  this  but  industry  does  not  want 
to  do  it,  but  the  Navy  or  the  Military  do  want  to  do  it,  we  have  the 
possibility  of  getting  together  by  virtue  of  financial  support  to  in¬ 
dustry  for  this  particular  kind  of  work  from  the  defense  departments, 
and  I  say  that  (his  is  completely  in  order.  Admiral  Clexton  bemoaned 
the  fact  that  industry  had  not  solved  some  of  the  problems  that  he  is 
Interested  in  out  there  on  the  West  Coast,  and  I  join  him  in  bemoaning 
this  fact.  On  the  other  hand,  I  say,  if  you  really  want  them  solved, 
you  must  take  a  look  at  the  incentives  to  solve  them,  and  see  that  the 
incentives  are  properly  set  forth.  The  natter  of  what  you  do  in  in¬ 
dustry  on.  materials  is  tied  up  directly  with  these  incentives. 

We  do  e  great  daal  of  basic  rasaarch  in  industry.  The  en¬ 
lightened  progressive  growth  companies  are  all  devoting  s  large  part 
of  their  research  programs  to  basic  research  in  about  tha  same  degree. 
This  has  not  coma  about  by  collusion  or  avan  by  swapping  notes;  it 
has  just  lusppened  as  s  raault  of  ths  best  judgment  of  the  people  that 
are  directing  these  programs.  Today,  in  these  companies,  about 
thlrty-flva  par  cant  of  tha  rasaarch,  and  1  distinguish  research 
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from  development  new,  it  basic.  bT.in  you  do  basic  research,  you 
don't  know  what  you're  going  to  coma  up  with,  and  you  frequently  come 
up  with  something  that  may  not  have  economic  interest  to  your  par¬ 
ticular  company  or  to  any  other  company.  However,  it  may  have  great 
interest  and  be  able  to  stand  on  ita  own  feet  within  the  economical 
limitation  put  on  by  the  Military  or  the  Navy  When  this  happens, 

It  behooves  Industry  end  the  Defense  Departments  to  get  together  end 
to  get  together  feet.  How  can  this  be  promulgated?  How  can  we  speed 
up  this  process  and  better  this  procesp?  Well,  one  way  to  dr  it  Is 
to  do  basic  research  in  the  Defense  Departments;  end  you  may  say: 
What's  that  got  to  do  with  it?  It  ia  vary  Pimple.  I  submit  that  you 
cannot  appreciate,  much  less  project  into  an  exploitable  area,  basic 
research  findings  by  reeding  e  paper,  by  looking  over  a  guy's  shoulder 
or  by  having  people  whose  business  it  is  to  just  walk  around  end  find 
out  whet  is  happening.  They  will  not  get  the  result  because  they  can¬ 
not  appreciate  the  findings.  These  findings  are  only  appreciated  and 
spotted  by  men  who  ere  actually  doing  work  in  the  seme  broad  area, 
and  I  submit  that  one  of  the  major  reasons  why  the  Navy  should  con- 
•  tinue  its  present  research  program,  and  expand  it  in  large  measure, 
is  what  we  cell  "coupling  effect".  Without  it,  the  Navy  is  going 
to  lose  a  good  many  of  the  findings  that  are  appearing  in  other  la¬ 
boratories,  be  they  industrial  laboratories  or  in  the  academic  world. 

No  one  institution  can  do  more  then  a  very  few  per  cent  of 
ell  the  work  in  the  field.  The  Navy  research  in  the  basic  area  that 
they  ere  working  in,  as  I  figured  it  out  casually,  is  of  the  order 
of  magnitude  of  leas  than  one  p*r  cent  of  the  nation's  total  research 
activity  in  these  areaa.  Sure,  they  may  stumble  on  something;  they 
may  have  good  luck  end  hit  the  jackpot.  But  if  that  one  per  cent 
figure  is  anywhere  near  right,  there  are  ninety  nine  other  people 
competing  research  wise.  Therefore,  there  are  ninety  nine  other 
chances  to  hit  a  jackpot.  This  number  Is  large  and  you've  got  to 
couple  to  it  end  the  only  way  to  couple  to  it  is  to  be  doing  basic 
research  In  that  field.  Nov,  you  can  couple  in  this  way  -  slrapiy 
by  having  people  that  know;  you  can  also  couple  by  letting  your  re¬ 
quirement*  be  known.  These  requirements  have  to  known  not  only  to 
the  chief  salesman  of  a  company  but  to  the  men  down  at  the  working 
level  In  research  imd  development.  If  a  material  doesn't  exist  yet, 
and  you  need  it,  these  ere  the  fellow*  that  have  to  know.  They'll 
keep  their  eyea  opan  for  it.  W*  are  able  today,  between  Physics  and 
Chemistry  in  our  science  of  materials,  to  do  msny  things  that  we  were 
never  able  to  do  before.  We  can  make  new  metals  and  new  alloys  for 
this  vest  sree  that  the  Navy  has  to  cover- everything  from  materials 
for  atomic  reactors  to  aircraft  structural  frames  end  fuels.  We  not 
only  can  make  such  new  materials,  but  we  can  make  others.  In  the 
field  of  medicine  for  example,  today,  there  Is  real  hope  with  respect 
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to  the  chemoth&rapy  approach  to  cancer.  The  purines  certainly  destroy 
cancer  cells.  There  is  no  question  about  this  at  a1,!,  it  has  been 
vary  well  established.  The  or.ly  trouble  is  that  they  are  apt  to  des¬ 
troy  about  everything  else  around,  including  the  normal  cells.  They 
are  somewhat  preferential.  As  the  physicists  and  the  chemists  look 
at  them,  they  begin  to  see  what  it  is  in  the  structure,  in  the  elec¬ 
tronic,  polar  bonding,  or  coordinate  bonding,  that  makes  them  do  more 
damage  to  a  cancer  cell  than  a  normal  cell.  We  actually  have  taken 
certain  of  these  purines  and  uaiu  they  would  be  much  less  toxic  to 
living  cells  if  it  were  not  for  a  particular  bonded  radical.  So  let 
us  make  a  modification  of  it  in  which ’we  eliminate  that  or  tack  some¬ 
thing  else  on  to  it  or  shift  its  location.  The  modified  flurourosils 
are  one  outcome  of  this  approach  and  there  are  more  coming.  I  cite 
this  simply  to  tell  you  that  in  the  science  of  materials  today,  know¬ 
ing  how  to  handle  dislocations  and  spot  them  in  metals,  knowing  how 
to  place  bonds  and  atoms  in  organics,  knowing  how  to  polymerize  plas¬ 
tics,  we  have  a  tool,  a  concept  that  we  have  never  had  before.  But 
let  us  not  hit  everything  with  a  crash  program.  Let  us  remember  that 
all  you  are  doing  in  a  crash  program  is  using  up  the  assets  that  you 
have  stored  up  in  your  past  basic  research.  Let  us  have  some  crash 
programs  -  sure,  we  need  them  -  but  at  the  same  time  let  us  keep 
building  up  this  whole  reservoir  of  knowledge  and  know-how. 

I  want  to  give  you  one  final  illustration  of  coupling  effect 
and  this  is  absolutely  true.  Just  before  World  War  II,  Imperial 
Chemicals  in  England  figured  out  how  to  make  a  new  kind  of  insulating 
material  called  polyethylene  in  the  laboratory.  The  process  that  they 
had  for  making  it  was  such  that  with  all  the  effort  in  the  world,  you 
could  not  make  more  than  a  few  pounds.  It  was  a  laboratory  curiosity, 
a  little  more  than  that,  but  essentially  that.  Our  Navy  had  need  for 
insulation  of  just  such  properties  in  connection  with  some  of  their 
radar  and  they  took  this  stuff  to  industry.  They  came  to  Carbide 
a.j  well  as  to  many  others,  and  in  Carbide,  and  I  know  the  B'S'.e  thing 
happened  in  many  of  the  other  first  class  chemical  companies,  the 
Chemical  Engineers  took  a  look  at  it  and  they  threw  up  their  hands. 
There  ia  no  way  to  take  this  process  and  make  this  stuff  in  quan¬ 
tities  without  getting  into  the  class  of  $42^,000  a  pound  stuff  that 
I  was  telling  about.  But  it  so  happened  that  at  Carbide,  not  in  our 
chemicals  company  at  all,  but  in  another  laboratory  devoted  pri¬ 
marily  to  very  high  pressure  phenomena  and  very  low  temperature  phe¬ 
nomena,  we  had  a  man  working  for  years  trying  to  make  synthetic 
diamonds.  He  never  succeeded.  But,  one  of  our  chemical  engineers 
happened  to  mention  to  him  the  problem  in  connection  with  the  pro¬ 
duction  of  poly-ethylene.  He  stated  that  this  technique  he  had  been 
using  was  adaptable  to  that  problem.  He  tried  it.  In  one  week,  ue 
turned  out  more  polyethylene  than  had  been  turned  out  in  the  previous 
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•tx  rwnths  by  everybody.  In  three  weeks,  ve  were  in  pilot  plant  pro¬ 
duction  and  three  month*  latter,  va  were  taking  care  of  the  Navy's 
needs  for  polyethylene.  This  was  war  time,  ve  were  motivated  by  not¬ 
hing  but  the  desire  to  help  the  defense  effort.  We  have  a  very  nice 
by-product  In  that  business  today,  we  are  one  o£  the  dc&lRsnt  factors 
in  the  polyethylene  business.  (That  means  squeeze  the  bottle  to  you 
who  don't  recognize  polyethylene  as  such.)  It’s  e  business  that  runs 
up  into  the  high,  high  millions  of  dollars,  a®  got  the  just  a- 

described.  I  submit  that  this  is  not  necessarily  an  Isolated  case; 
that  if  we  have  more  basic  research  going  on  in  the  Navy,  more  people 
that  understand  what  it  is  that  they  are  trying  to,  that  if  we.  in¬ 
crease  their  communications  with  the  men  at  the  bench  in  industry, 
we  shall  have  many  more  cases  such  as  this  to  the  great  glory  and 
effectiveness  of  the  defense  forces  and  profit  to  industry. 
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Captain  H.  C.  Ferguson,  USN 
Executive  Officsr 
Naval  Air  Material  Coaler 


Dr.  Estermann,  Admirals,  Conferees,  Ladies,  Gentlemen  and 
Friends.  Before  I  start  I  would  iike  to  introduce  to  you  Rear  Admiral 
Lyman,  the  new  Conmandant  of  the  Fourth  Naval  District,  and  Commander 
of  the  Naval  Base,  Philadelphia.  Admiral  Lyman. 

Captain  Arnold,  Commanding  Officer  of  the  Naval  Air  Material 
Center,  your  host  activity,  regrets  very  much  that  he  cannot  be  here 
personally  to  greet  you.  In  his  behalf  and  for  all  of  us  at  NAMC,  we 
welcome  you  to  Ben  Franklin’s  home  town,  the  Cradle  of  Liberty,  Dec¬ 
laration  of  Independence,  Continental  Congress  and  City  of  Brotherly 
Love.  As  hosts,  and  with  the  cooperation  of  the  Ben  Franklin  Hotel 
management,  we  believe  your  conference  stay  will  be  a  pleasant  and 
profitable  experience. 

It  is  quite  appropriate  thet  this  all-Navy  Symposium  be  held 
in  Philadelphia.  The  Philadelphia  Navy  Shipyard  was  the  Navy's  first 
primary  shipbuilding  yard.  The  Navy,  being  farsighted  and  economy 
minded,  bought  a  thousand  acres  from  Philadelphia  in  1868  for  one  dol¬ 
lar.  The  shipyard  has  progressed  and  developed  through  four  wars  and 
three  or  four  campaigns  to  its  present  status.  The  Naval  Air  Material 
Center  is  the  site  of  what  used  to  be  the  old  Naval  Aircraft  Factory 
which  dates  back  to  1917.  It  is  closely  related  to  Naval  Aviation 
progress  throughout  the  years.  During  world  war  I  we  designed,  de¬ 
veloped  and  built  approximately  two  hundred  seaplanes  and  patrol  planes. 
If  you  know  your  early  aviation  history,  you  read  of  the  old  F5L  Pa¬ 
trol  Plane.  After  the  war  the  mission  of  the  NAF  was  changed  to  de¬ 
velopment  and  manufacture  of  experimental  aircruft  and  aircraft 
accessories  of  a  nature  requiring  confidential  development.  During 
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this  period  \m  built  Che  Shenandoah,  the  first  of  our  dirigibles.  We 
developed  and  built  the  famous  PM- 9  airplane.  which  established  six 
world  records.  One  oi  its  vorld  records  was  climbing  to  an  altitude 
of  19,593  feet.  Another  was  the  first  trans  Pacific  flight.  Its  de° 
iigs  still  is  basically  the  seme  for  today's  seaplanes.  During  this 

prJtlOU)  iu  £uuitiC3  tC  SeSplSHSS  V®  designed  £ud  SSS'jfsCt’JfSd  NffVy 

fighters,  scouts,  torpedo  and  bombing  planes,  in  the  1930*5,  we  started 
building  parachutes  and,  for  aa&j  years,  built  all  of  the  Navy* a  para¬ 
chutes. 


In  1934,  under  the  terms  of  a  Congressional  Act,  107.  of  all 
government  aircraft  and  aircraft  engines  had  to  be  constructed  and/or 
manufacturad  in  government  aircraft  factories.  NAF,  as  the  government's 
only  aircraft  factory,  designed  and  developed  the  famous  Yellow  Peril 
(N3N)  training  plane  -  still  used  at  Annapolis.  The  plares  were 
powered  by  engines  designed  and  built  at  NAF.  One  thousand  were  built 
prior  to  World  War  II.  During  the  war  years,  the  NAF  produced  fourteen 
airplanes  of  various  types,  thirteen  hundred  aircraft  engines,  thirty- 
thousand  parachutes,  three  hundred  thousand  tow  target  sleeves. 

In  addition  to  aircraft  and  aircraft  engines,  the  NAF  has 
been  the  center  of  catapult  and  arresting  gear  development  since  1919 
when  it  was  authorized  to  design  the  catapult  for  the  DSS  LANGLEY. 

From  that  time  to  the  present,  we  have  designed  and  developed  the 
catapults  for  the  U.  8.  Fleet;  likewise,  we  hove  had  the  primary  res¬ 
ponsibility  for  the  design  end  development  of  the  arresting  gear  for 
all  carriers  -99-  thru  World  War  II. 

Following  World  War  II  we  again  reorganized  from  our  war  time 
endeavor  to  an  experimental  and  development  activity. 

The  Navel  Air  Material  Center  now  is  a  major  research  and 
development  activity,  with  four  laboratories  and  the  Naval  Air  Engi¬ 
neering  Facility  (Ship  Installations)  -  a  sixty  million  dollar  plant 
and  fifty  million  annual  expenditures. 

Materisls  is  our  cost  important  research  in  each  of  our 
laboratories.  We  seen  to  have  reached  a  point  where  /rogrees  toward 
our  technical  goals  is  United  by  the  capabilities  of  our  structural 
and  functional  materials.  Structural  design  criteria  and  materials 
previously  used  are  no  longer  adequate  and  we  rapidly  are  developing 
engineering  requirements  far  beyond  the  state  of  the  arts  involved. 
Therefore,  I  feel  it  highly  desirable  and  worthwhile  for  those  en¬ 
gaged  in  the  field  of  materials  research  to  hold  a  conference  such 
as  this,  where  the  participants  can  get  a  perspective  on  their  own 
endeavor*  -  where  they  can  find  out  what  the  other  fellow  is  thinking 
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and  why  -  and  where  an  attempt  will  be  node  to  more  clearly  define 
the  problems,  the  solutions  to  which  control  the  rate  and  direction 
of  technical  adv  ance. 


Sov  I  would  Hke  to  quote  our  yearbook  of  thirty  years  ago: 

"Our  work  consists  of  the  assembly  and  repair  of  all  types 
of  aircraft,  from  the  swift,  breathtaking  fighting  planes  to  the  mas¬ 
sive,  powerful  pe'rol  ships.  Engine.**,  controls,  guns,  bomb  mechanisms, 
navigating  instruments,  communication  devices  and  safety  devices  must 
operate  smoothly  and  perfectly.  The  finished  ship  must  be  a  perfect 
machine,  capable  of  carrying  out  the  exacting  wishes  of  the  Navy's 
magnificent  pilots.  Eternal  vigilance  is  the  price  of  safety  and 
safety  is  the  priceless  ingredient  of  all  aircraft.  In  our  assembly, 
this  attribute  haa  reached  its  highest  peck;  perfect  planes.  Our 
perfect  planes  mean  adequate  defense;  defense  is  the  safety  of  your 
home  and  life." 

It  appears  we  are  still  trying  to  reach  these  goals.  When 
this  was  written  thirty  years  ago,  a  young  Lieutenant  Junior  Grade 
was  the  assistant  officer-in-charge  of  this  work.  His  only  labora¬ 
tory  was  two  small  rooms.  He  must  have  been  a  pretty  good  Junior 
Grade  for  now  he' a  a  Vice  Admiral.  His  name  -  CLEXTON  -  with  us 
today  as  Chief  of  haval  Material. 

We  certainly  are  pleased  and  gratified  at  the  response  to 
this  Third  Navy  Science  Symposium.  500  of  you  distinguished  repre¬ 
sentatives  are  attending.  Tomorrow,  we  have  a  very  interesting  tour 
and  exhibits  scheduled  for  you  at  Johnsville  and  Philadelphia.  We 
are  at  your  service  to  assist  you  in  any  way  we  can  during  the  con¬ 
ference.  I  hope  your  attendance  here  will  have  a  valuable  and 
stimulating  effect.  Have  a  good  meeting.  Thank  you. 
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ACCEPTANCE  OF 

CAPTAIN  ROBERT  DEXTER  CONRAD  AWARD 
by 

Robert  M.  Page 
Director  of  Research 
Naval  Research  Laboratory 


The  Office  of  Naval  Research,  as  we  all  know,  ie  character¬ 
ized  by  a  philosophy  of  management  of  its  research  activities  which 
was  unique  in  the  Department  of  Defense  12  years  ago  and  is  still 
unique  in  the  Department  of  Defense  today.  That  Capt.  Robert  Dexter 
Conrad  was  instrumental  in  getting  the  Office  of  Naval  Research  estab¬ 
lished  in  this  philosophy  makes  the  award  that  is  graced  \  y  his  name 
especially  prized  by  the  Naval  scientist.  It  is  therefore  with  warmth 
of  pleasure  and  gratitude  that  I  accept  this  award  tonight. 

In  this  particular  instance,  however,  I  like  to  think  that  this 
recognition  is  given  not  to  an  individual,  but  to  an  organization. 

For  36  years  the  Naval  Research  Laboratory  has  been  in  operation  for 
the  sole  purpose  of  generating  and  conducting  a  program  of  scientific 
research  in  support  of  the  defense  of  this  country  under  the  sponsor¬ 
ship  of  the  U.  S.  Navy.  Every  person  on  the  staff,  every  part  of  the 
Laboratory,  is  there  primarily  for  one,  and  only  one  purpose:  to  sup¬ 
port  the  program  of  scientific  research.  The  achievements  which  just¬ 
ify  this  award  were  not  only  made  possible,  they  were  in  substantial 
part  accomplished  by  —  my  scientific  colleagues,  of  course,  but 
equally  importantly  by  the  craftsmen,  the  people  of  the  shops,  of  pub¬ 
lic  works,  the  clerical  support,  the  administrative  support  -  all 

the  components  of  the  Laboratory  working  together  in  a  conmon  cause. 

If  it  may  seem  that  my  personal  efforts  have  contributed  to 
these  achievements,  it  is  my  pleasure  to  acknowledge  publicly  here 
tonight,  that  all  the  credit,  all  the  honor,  and  all  the  glory  belong 
to  God  my  creator,  my  inspiration  and  my  strength. 

Nota:  Th«  Captain  Sober t  Daatar  Conrad  Award  «•  praaantad  to  Dr.  Pat#  by  Raar  Admiral 
Ravaon  Bannatt  at  th*  SyapealuB  banquat  on  March  17.  19S9. 
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TOXICOLOGY  IN  RELATION  TO  NAVY  MATERIAL  PROBLEMS 


Cdr.  J.  Siegel,  MSG,  USN 
U.  S.  Navy  Toxicology  Unit 
National  Naval  Medical  Center 
Bethesda,  Maryland 


The  rapid  development  of  new  materials  and  military  chemicals 
end  the  concurrent  development  of  nuclear-powered  submarines  and 
space  vehicles,  has  necessitated  the  search  for  a  new  body  of  tox¬ 
icity  data  and  a  new  frame  of  reference.  Captain  Richard  B.  Laning, 
former  skipper  of  the  record-breaking  Seawolf,  stated  on  13  February 
1959  that  the  atomic  submarines  could  operate  on  a  war  patrol  for 
four  (4)  months  without  surfacing.  Under  these  conditions  or  con¬ 
tinuous  exposure  over  a  period  of  months,  the  body  of  toxicity  data 
developed  for  industrial  applications  during  an  8-hour  day,  40-hour 
week  does  not  apply.  Closely  related  to  the  submarine  problem,  is 
the  problem  of  space  travel.  The  success  of  manned- space  will  be 
dependent  in  a  large  measure  on  our  ability  to  provide  the  capsule 
with  a  habitable  atmosphere  free  of  toxic  materials. 

It  may  be  worthwhile  at  the  outset  of  this  conference,  there¬ 
fore,  to  devote  a  little  time  to  the  subject  of  potential  toxicity 
of  materlam  as  this  may  be  the  critical  limiting  factor  in  the 
ultimate  utilization  of  the  materials  by  the  fleet. 

Every  time  a  new  weapon  system  is  developed  in  which  a  military 
chemical  is  contained,  two  major  questions  are  asked,  or  should  be 
asked: 

1.  Does  It  meet  performance  objectives,  and 

2.  Is  it  potentially  toxic? 
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DEFINITION  OF  SUBJECT 

For  the  purpose  of  this  presentation,  only  that  portion  of  the 
Navy's  toxicology  program  pertaining  to  military  chemicals  will  be 
i!i (trussed.  Many  of  these  chemicals  and  related  materials  are  new; 
others  are  well  known  substances  being  used  in  a  new  way.  Sou*®  me 
exotic  in  nature  like  tho  high  energy  fuels;  others  are  run-of-the- 
mill  compounds  like  carbon  tetrachloride  and  fraon.  They  all  have 
a  common  denominator  in  that  toxicity  is  an  unwanted  property. 

Several  examples  may  be  useful  at  this  point  to  indicate  the 
range  of  our  interest  as  follows: 

MATERIALS 

1.  Triaryl  phosphate  hydraulic 
fluids 

2.  Waterless  hand  cleaners 


3.  Exotic  fuels 

4.  Red  fuming  nitric  acid 

5.  Rocket  and  missile  decom¬ 
position  products 

6.  Freons 

7.  Fire  extinguishment  agents 

8.  Rubber*-based  paints 

9.  "Teflon"  (plastics) 

These  illustrations  will  s< 
materials  on  which  we  are  called  upon  to  make  toxicological  evalu¬ 
ations.  At  the  present  time,  we  are  involved  in  evaluating  approxi¬ 
mately  150  materials,  over  100  of  which  are  tied  in  with  the  fleet 
ballistic  missile  submarine  problem.  Please  note  that  none  of  these 
examples  include  drugs  or  medicinals  used  in  the  treatment  of  di¬ 
sease,  nor  do  they  include  chemical  warfare  agents  or  war  gaaes. 


USE 

To  replace  petroleum  based 
hydraulic  fluids 

Conservation  of  water  in 
submarine a 

Missile  propellents 

Oxidizers  for  propellants 
Weapons  systems 

Refrigerants 

For  use  in  polar  regions 
Navy  wide 
Coatings,  gaskets 
to  indicate  the  diversity  of 
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BACKGROUND 

At  t  reaulc  of  the  Leyte  and  Bennington  disasters  In  1953  and 
1954,  an  Intensive  search  was  started  by  the  Bureau  of  Ships  for 
substitute  non- flammable  hydraulic  fluids  which  would  meet  perfor¬ 
mance  requirements.  Many  compounds  were  screened  auu  In  June  1954, 
-ine  material,  a  triaryl  phosphate  compound  (T.A.P.)  appeared  to 
show  promise  from  an  engineering  point  of  view.  One  major  question 
had  to  be  resolved  first,  and  that  was  the  question  of  toxicity. 

The  Bureau  of  Medicine  and  Surgery  was  requested  to  come  up  with  a 
fast  answer  to  the  following  question:  Could  thl3  new  hydraulic 
fluid  be  used  without  limit  aboard  carriers  from  the  toxicity  point 
of  view?  The  predicament  we  were  in  Is  shown  in  figure  #1.  Not  only 
did  we  not  know  the  composition fof  this  material,  the  manufacturer 
did  not  know  It  either!  Only  extremely  meager  information  was  avail- 
able  on  the  oral  toxicity  of  these  types  of  compounds,  but  nothing 

was  knovn  about  Inhalation  toxicity  or  skin  absorption  toxicity - 

our  main  interests.  No  methods  ware  available  for  detecting  and 

measuring  the  minute  -  yet  physiologically  significant  - 

quantities  of  material  which  might  be  generated  into  the  atmosphere, 
p.nd  even  If  the  concentrations  would  have  been  measured,  no  standards 
had  been  developed  or  proposed. 

It  is  not  the  intent  of  this  paper  to  delve  into  the  complicated 
racae  of  action  by  which  the  orgeno-phosporous  compounds  act  on  the 
body.  Suffice  it  to  say,  there  was  enough  ’’smoke"  to  Indicate  that 
exposure  of  personnel  to  an  unknown  mixture  cf  organic  phosphate 
compounds  might  be  extremely  risky. 

This  hydraulic  fluid  problem  pointed  up  our  weakness  In  the 
field  of  toxicology.  The  mechanisms  which  were  available  were  too 
8 low  and  cumbersome;  they  were  not  conductive  to  the  development  of 
the  rapid  advice  needed  by  the  various  bureaus  and  offices.  I  do 
not  wish  to  minimize  the  value  of  the  mechanisms  which  did  exist, 
particularly  the  committee  on  toxicology  of  the  national  research 
council.  This  committee  has  always  been  of  great  assistance  to 
BuMed,  and  they  came  through  the  hydraulic  fluid  problem  within 
the  limitation  of  their  operations.  Another  mechanism  which  con¬ 
tributed  significantly,  and  at  great  sacrifice  to  their  assigned 
sissies,  Wat;  the  performance  of  crash  projects  by  the  Naval  Medical 
Research  Institute,  Bethesda.  However,  because  of  lack  of  over-all 
adequate  mechanisms  it  was  two  years  before  we  were  finished  with 
the  aircraft  carrier  hydraulic  fluid  problem. 
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l  TYPE  OF  COMPOUNDS  14  MIXTURE 
2. ORAL  TOXICITY  Of  TRI-O-CRESYL 
PHOS  PH  AT  E 

3.  INHALATION  OF  INSECTICIDES  OF 
THIS  TYPE  ARE  CONSIDERABLY 
TOXIC 


Figure  1  -  Nonflammable 
hydraulic  fluids 
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The  need  for  better  mechanisms  vis s  obvious,  for  it  Just  didn't 
make  sens*  to  arrive  at  critical  decisions  affecting  the  health  of 
personnel,  and  costing  *  considerable  amount  of  money,  without  basic 
data.  Nor  did  it  make  sense  to  begin  to  develop  the  needed  toxicity 
data  only  after  the  ferial  was  placed  into  service-wide  usage. 

Five  (5)  major  steps  were  taken  by  the  Bureau  of  Medicine  and 
Surgery  in  an  effort  to  remedy  this  situation : 

STEPS  TAKEN  TO  PROVIDE  INFORMATION 
ON  POTENTIALLY  TOXIC  MATERIALS 


1.  SECNAVINST  6260.2  -  Nov  1955  -  Potentially  Toxic 
Materials. 

2.  SECNAVINST  6260.4  -  May  1957  -  Establishment  of 
Toxicological  Information  Center  -  NSR.C, 

3.  Establishment  of  liaison  with  each  bureau  and  office 

4.  Establishment  of  U.  S.  Navy  Toxicology  Unit  -  Jan  1959 

5.  Development  of  a  philosophy  on  toxicology 

SECNAV  Instruction  6260.2,  entitled  "Potentially  Toxic  Materials", 
sets  up  an  orderly  mechanism  for  obtaining  the  toxicological  in¬ 
formation  needed  by  bureaus  and  offices  in  conjunction  with  their 
research  and  development  program.  It  sets  out  step  by  step  the 
responsibilities  and  actions  required  of  the  various  bureaus  and 
offices  involved.  When  a  toxicity  problem  i3  submitted  to  BuMed, 
the  following  machinery  is  set  in  motion,  figure  02. 

1.  If  sufficient  information  is  available,  BuMed  my  come  up 
with  a  quick,  final,  answer.  This  would  be  unusual  because  toxi¬ 
city  data  on  most  of  the  materials  submitted  are  non-existent. 

2.  If  insufficient  information  is  available,  (a)  BuMed  sends 
back  a  tentative  evaluation  with  tentative  precautionary  measures 
via  The  Office  of  Naval  Research,  and  (b)  The  problem  is  referred 
to  the  Toxicological  Information  Center  and/or  the  Committee  on 
Toxicology  of  the  National  Research  Council. 
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3.  If  on  the  basis  of  advice  from  BuMed,  the  requesting  bureau 
decides  to  sponsor  toxicity  work  then  BuMed  assists  in  setting  up  an 
adequate  toxicity  protocol.  This  is  usually  done  in  conjunction  with 
the  Office  of  Naval  Research  if  a  contract  is  to  be  1st. 

U .  7f  *-hp  4  a  ~»«v  S^t  vn  -  CTC 1  CCt. 

—  —  ■  f  -  -  j - - - w - -  5  — ■  * *'■“  w  w  r  w  -  r  ^  ~  j  — ~  ~ 

at  one  cf  its  medical  research  laboratories. 

5.  Finally,  BuMed  re-evaluates  the  toxicity  of  the  material  i”. 
light  of  the  additional  information  developed  by  contract  and/or  in- 
service  studies  and  sends  back  to  the  requestor  a  complete  estimate 
of  the  health  hazards  involved  together  with  recommended  precaution¬ 
ary  measures. 

TOXICOLOGICAL  INFORMATION  CENTER 

The  second  major  step  taken  by  BuMed  «**  the  spearheading  of 
the  establishment  of  a  toxicological  Information  center  as  part  of 
the  National  Raaearch  Council.  This  center  is  currently  funded  by 
the  three  military  services  and  the  Atomic  Energy  Commission.  The 
center's  mission  is  outlined  in  SECNAV  Instruction  6260. A  of  2  May 
1957.  Its  major  function,  aa  the  name  implies,  is  to  provide  a 
central  source  of  toxicological  information  and  advice  on  military 
chemicals. 

The  center  got  underway  in  February  1957,  just  two  years  ago. 
During  this  period  it  has  worked  up  20  toxicity  reports  for  the 
Navy  alone.  The  speed-up  in  obtaining  answers  has  been  amazing. 
Instead  of  the  previous  average  of  1  to  3  years,  we  are  now  ob¬ 
taining  answers  in  1  to  3  months.  This  is  a  tribute  to  the  Di¬ 
rector  of  the  center,  Dr.  Harry  W.  Hays,  and  his  dedicated  staff. 

To  keep  the  center  from  being  flooded  with  requests  from  all 
over  the  Navy,  the  Bureau  of  Medicine  and  Surgery  was  designated 
aa  The  Navy  Liaison  Office  to  the  Toxicological  Information  Center. 

All  bureaua  and  offices  were  asked  to  refer  their  problems  to  BuMed 
through  designated  liaisons  established  at  bureaus  and  offices. 

JIagi.  Mg  TOXICOLOGY  UNIT 

The  Toxicological  Information  Center  is  essentially  advisory 
in  nature  and  is  Intended  to  supplement  rather  than  supplant  cur¬ 
rent  toxicological  activities  in  the  Navy.  It  is  a  paper  organization 
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and  performs  no  research,  animal  testing,  or  laboratory  work.  The 
Navy  Toxicology  Unit  vaa  established  to  provide  this  missing  link. 
Efforts  to  obtain  needed  laboratory  and  field  data  through  estab¬ 
lished  mechanisms  have  proven  unsuccessful.  The  type  of  data  Beaded 
was  inhalation  toxicity  data  over  prolonged  periods  of  explosure  for 
30,  60,  ?U|  or  sore  days.  uuewls  to  interest  csstroctcr;  in 

these  types  of  studies  for  it  apparently  introduced  extremely  com¬ 
plicated  administrative  problems  involving  round- the- clock  operations. 

The  Navy  Toxicology  Unit  was  established  by  the  Secretary  of  the 
Navy  on  1  January  1959  as  an  activity  under  the  management  control  of 
BuMed.  It  will  occupy  3600  square  feet  at  the  National  Naval  Medical 
Center.  Bethesda,  and  will  be  staffed  by  4  officers,  10  enlisted  and 
5  civil  service  personnel.  The  initial  funding  is  being  provided 
primarily  by  BuSblps  and  by  BuOrd's  special  project  office  for  the 
Polaris  Missile;  personnel  and  space  ere  being  provided  by  BuMed. 

The  mission  of  the  unit  is  to  provide  rapid,  practical  answers 
to  toxicity  problems.  The  animal  toxicity  teats  will  be  of  a 
"crash"  nature  and  all  problems  will  be  handled  on  an  urgent  basis. 
The  philosophy  will  be  such  as  to  atop  the  work  as  soon  as  sufficient 
data  are  developed  for  design  purposes  and  operational  naeds.  Al¬ 
though  adequate  for  operational  purposes,  the  data  devaloped  will 
not  hsve  the  completeness  or  ftnaaaa  required  of  basic  research. 

This  type  of  data  should  nevertheless  enable  the  various  bureaus 
and  offices  to  proceed  intelligently  with  their  procurement  plana, 
and  the  design  of  new  weapon  systems.  The  two  major  spheres  of 
operation  of  the  Navy  Toxicology  unit  will  be: 

1.  Field  testing  during  actual  operations,  and 

2.  Animal  and  Laboratory  studies. 

in  addition  to  the  usual  toxicological  methods,  emphasis  will  be 
placed  on  inhalation  toxicity  studies .  To  this  end  we  will  have 
a  battery  of  ten  (10)  exposure  chambers,  designed  for  continuous 
inhalation  studies. 

It  is  our  hope  that  this  new  toxicology  unit,  by  baing  con¬ 
tinually  In  a  ready  state,  will  be  in  an  excellent  position  to 
provide  rapid  toxicity  answers  to  urgent  problems  so  that  lead 
time  in  weapons  development  car.  be  reduced  to  a  minimum. 
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BuMED"3  PHILOSOPHY  ON  POTENTIALLY  TOTIC  MATERIALS 

The  Bureau  of  Medicine  and  Surgery  la  charged  by  Navy  regu¬ 
lations  with  maintaining  the  health  and  safety  of  Naval  Personnel. 
To  achieve  this  end  it  seta  health  standards  and  prescribes  pre¬ 
ventive  precautionary  measures  whenever  health  Is  threatened. 

This  applies  to  all  facets  of  occupational  health  and  preventive 
medicine.  Protection  against  toxic  materials  is  but  one  area  in 
this  over- all  health  program. 


It  Is  our  belief  at  BuMad  that  almost  every  material  - 

regardless  of  ita  toxicity  -  can  be  handled  without  hazard 

to  health.  It  should  be  noted  that  BuMed  does  not  forbid  or 
prohibit  the  use  of  materials.  It  advises  on  the  health  measures 
that  should  be  instituted  if  the  material  is  to  be  used  without 
ill  effect  to  personnel.  These  health  measures  Include  limit#  on 
the  amount  of  contaminants  which  can  be  tolerated  in  the  air.  In 
view  of  the  paucity  of  toxicity  information  needed  teday,  we  have 
been  forced  to  make  "guess- estimate*”  based  on  the  beat  information 
available.  This  "guess-estimate"  Includes  suggested  standards  and 
health  precautionary  measures,  and  ia  subject  to  change  as  coon  as 
additional  information  becomes  available.  These  tentative  values 
are  used  to  help  sot  parameters  for  design  and  operations.  The 
chances  are  good  that  our  estimate  will  be  in  the  right  ball  park, 


X*  uOi 


"a  preliminary  analysis  based  on  incomplete  data  may  often  be  much 
more  valuable  than  a  more  thorough  study  using  adequate  data, 
simply  because  the  crucial  decisions  cannot  wait  on  the  slower 
study  but  must  be  based  on  the  preliminary  analysis"* 


I  have  attempted  to  outline  the  five  steps  undertaken  by 
BuMed  in  order  to  resolve  problems  in  toxicology.  It  is  hoped 
that  through  these  S  mechanisms  we  will  be  able  to  provide  you 
with  fast,  practical  answers  in  the  field  of  toxicology. 


The  active  mechanisms  presently  available  are  shown  tn  the 
following  table: 


*  Methods  of  Operation*  Research,  by  PhiUn  M.  Morse  and  George 
F..  Kimball.  John  Wiley  and  Sons,  First  Edition,  1950. 
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TOXICOLOGY  MECHANISMS  AVAILABLE 


PAST  PRESENT  FUTURE 

19  54  1958  1959 


COMMITTEE  ON  TOXICOLOGY  N.R.C. 

X 

X 

X 

ARMY  CHEMICAL  CENTER  (LIMITED) 

X 

X 

X 

O.N.R.  CONTRACTS  (PRIVATE  LABS) 

1 

▼ 

X 

X 

MEDICAL  RESEARCH  INSTITUTE  (LIMITED) 

X 

X 

X 

SECNAVINSTR  6260.2 

X 

X 

TOXICOLOGICAL  INF0RMA1T0H  CENTER  (NR C) 

X 

X 

NAVY  TOXICOLOGY  UNIT 

•* 

X 

You  could  assist  u«  greatly  by  contacting  BuMed  as  soon  an  you  get 
involved  with  any  material  which  ia  suspected  of  having  a  toxic 
potential.  It  takes  time  to  run  animal  work.  We  would  like  to  keep 
parallel  with  your  requirements  so  that  health  precautionary 
measures  adequate  to  protect  the  health  of  personnel  will  be  avail¬ 
able  to  the  fleet  concurrent  with  the  completion  of  your  materials 
research. 
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RELIABILITY  AS  APPLIED  TO  MATERIALS 
RESEARCH  AND  SELECTION 

f 

E.  J.  Nucci 
Office  of  Electronics 

Office  of  the  Director  of  Defense  Research  .and  Engineering 

Washington,  D.  C. 

When  asked  to  participate  in  this  symposium  I  was  very 
gratified  for  it  offers  me  an  excellent  opportunity  to  present  my 
thoughts  on  the  urgent  need  for  accelerating  research  on  new 
rriaterials  to  improve  present-day  military  electronics — materials  for 
the  component  parts  to  meet  the  tremendously  advanced  electronic 
requirements  of  the  space  age  into  which  we  have  entered. 

In  the  past  decade,  electronics  in  my  opinion  has  not 
received  its  deserved  share  of  military-sponsored  fundamental  and 
applied  research;  and  this  is  particularly  true  in  the  area  of 
materials.  The  military  have  sponsored  a  good  deal  of  research  to 
provide  lightweight,  superstrong,  heat-resistant  materials  for  use 
in  supersonic  and  hypersonic  aircraft  and  to  meet  the  structural  and 
propulsion  requirements  of  missiles.  But  far  less  emphasis — indeed, 
far  too  little — has  been  placed  on  research  to  provide  the  materials 
needed  to  make  electronic  equipment  that  can  be  produced  in  an 
economically  practical  domain  and  will  operate  satisfactorily  in 
these  new  vehicles  and  environments. 


It  is  sometimes  argued  that  we  are  overemphasizing  this 
deficiency  in  fundamental  techniques  and  electronic  components, 
which  to  my  way  of  thinking  is  a  serious  one.  We  are  asked  to  fa: 
reality;  it  is  pointed  out  that  we  now  have  complex  electronic 


devices  in  new  aircraft  and  missiles,  even  in  satellites,  that  are 
operating  quite  satisfactorily  and  with  a  fair  degree  of  reliability. 


I  can  only  say  that  persons  advancing  this  argument  are  misinformed 


or,  perhaps,  are  taking  too  narrow  a  viewpoint,  for  the  facts  do  not 
bear  out  this  conclusion. 
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I  suggest  that  an  analysis  be  made  to  determine  what  costs 
of  development  and  production  are  attributable  to  component  derating, 
circuit  redundancy  and  other  special  design  techniques — perhaps 
better  labeled  "design  dodges" — which  are  necessary  tc  obtain  even 
partially  acceptable  reliability ^  Similarly,  we  need  to  determine 
the  costs  or  or xX-ical  mecticimcax  cieuxgu  arid  cOiib uiuc ucxiuix^u*-^ 
that  are  needed  to  crowd  all  the  required  components  into  the  ever- 
shrinking  space  available  in  high-performance  aircraft  and  missiles 
and  to  reduce  the  internal  environmental  levels,  such  as  temperature, 
shock  and  vibration,  to  a  level  commensurate  with  the  capabilities 
of  available  components.  Do  we  realize  how  much  money,  manpower  and 
facilities  are  used  annually  in  testing  available  component  parts 
to  determine  their  maximum  stress  levels  so  that  designers  can  get 
the  most  out  of  them?  I  also  suggest  that  we  take  an  honest  and 
realistic  look  at  the  service  reliability  of  some  of  our  so-called 
"modem"  electronic  systems  and  compute  tneir  logistics  supply 
and  maintenance  costs. 


V.hen  all  these  factors  are  objectively  considered,  there 
are  certain  unavoidable  conclusions.  It  costs  a  feint  as  tic  3um  to 
produce  and  maintain  today's  complex  electronic  devices  using 
yesterday's  electronic  components.  I  am  thinking  of  a  new 
interceptor  fire-control  system  whose  development  cost  the 
government  approximately  one  hundred  million  dollars.  This  amount 
would  buy  more  than  200, OX  home  television  receivers  of  high 
quality.  Of  course,  we  can't  be  sure  how  much  the  costs  would  be 
reduced  by  an  adequately  supported  program  of  research  in  materials 
and  electronic  components,  but  I  am  confident  that  such  a  program 
would  save  us  many  millions  of  dollars  every  year,  perhaps  more  than 
one  hundred  million. 


In  FY  1958,  the  combined  expenditure  of  the  three  military 
departments  for  supporting  research  in  the  area  of  electron  tubes 
and  component  parts  amounted  to  roughly  530  million.  This  is  only 
3/4  of  1  percent  of  the  approximately  four  billion  dollars  spent  on 
developing  and  producing  military  electronic  equipment  and  systems. 
This  imbalance  is  more  glaring  when  we  consider  the  annual 
expenditure  for  maintenance,  which  for  fiscal  year  (FY)  I960  is 
estimated  at  58.5  billion  and  about  25  percent  of  this  will  be 
charged  to  electronics  systems  maintenance. 

Mow  let's  look  at  some  problems  of  operational  weapons 
requirements,  for  both  today  and  the  future,  and  try  to  correlate 
the  role  of  electronic  parts  and  materials  research  with  the  whole. 
In  what  respect  are  these  requirements  so  demanding?  (l)  There  is 
a  continual  demand  for  more  electronic  functions  with  better 
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performance,  and  all  v;ithin  the  same  size  envelope  as  before,  or 
even  a  smaller  onej  (2)  aircraft  space  travel  and  satellite 
operations  are  establishing  requirements  for  much  longer  missions 
(in  time)  that,  for  some  period  to  come,  will  demand  unattended, 
failure-free  operation.  On  the  other  hand ,  ground  equipment  for 
surveillance,  air  def-siioa,  guidance  and  '..capon  control,  as  well  as 
communications  systems,  will  have  to  be  much  more  reliable  than  ever 
before,  in  view  of  the  time  compression  resulting  from  new  weapon 
capabilities.  (3)  In  many  cases,  the  operational  environments  of 
the  future  will  be  much  more  severe,  for  instance,  with  respect  to 
temperature,  nuclear  radiation,  acceleration,  vibration,  etc. 
Furthermore,  some  pieces  of  the  environment  picture  are  still 
unknown,  or  not  known  very  well. 

How  the  first  of  these  problems  is,  "Ho’,  critical  is  the 
situation?"  Based  on  its  present  orbit,  the  most  recent  Vanguard 
weather  satellite  is  expected  to  stay  up  there  for  a  period  of  10  to 
100  years.  Yet  how  long  will  the  electronic  equipment  perform 
satisfactorily?  Next,  what  are  the  considerations  for  a  moon 
vehicle?  Since  a  one-way  trip  to  the  moon  is  roundly  2^  days,  the 
over-all  system  requirement  for  a  95-percent  assurance  of  reaching 
the  moon  is  of  the  order  of  50  days  mean  time  between  failure  (MTBF) 
if  wc  want  a  99-percent  probability  of  success,  in  view  of  the 
tremendous  cost  of  this  type  of  operation,  the  MTBF  design  require¬ 
ment  would  be  something  like  250  days.  hen  we  consider  a  250-day, 
one-way  trip  to  Mars,  with  a  99-percent  probability  of  completing 
the  trip  with  no  equipment  failure,  the  MTBF  requirement  for  the 
system  becomes  fantastic — about  25,000  days,  or  roughly  seven  years  1 

V.'hat  will  the  environmental  problems  be?  with  high- 
performance  aircraft  and  missiles,  again  for  penetration  of  deep 
space,  we  face  the  need  for  equipments  fabricated  from  parts  and 
materials  tint  are  resistant  to  the  effects  of  high  temperature, 
nuclear  radiation,  vibration,  acceleration  and  pressure.  hereas 
up  to  no.  we  were  striving  for  reliable  operation  at  85°C  to  125°C 
and  are  no-..'  interested  in  the  range  from  350°C  to  500°0,  we  are 
looking  forward  to  future  requirements  for  prolonged  exposure  at 
temperatures  on  the  order  of  1200°F  to  2500°F. 

Electronic  equipment  for  pjover  control  of  nuclear- 
piropulsion  systems  will  be  built  in  close  proximity  to  the  reactor 
to  avoid  the  extra  weight  required  by  shielding.  At  the  associated 
speeds,  extreme  vibration  and  acoustical  noise  are  generated.  I 
could  mention  still  other  environmental  factors  that  must  be  taken 
into  account  in  designing  electronic  equipment  for  advanced  systems. 
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And,  to  complicate  matters  further,  our  materials  and  component  parts 
must  not  only  be  able  to  withstand  these  individual  factors  but 
combinations  of  several,  which  in  most  cases  will  change  the  mode, 
pattern  and  stress  levels  of  failure. 
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the  expectation  thqt  we  will  encounter  new  and  unknown  environments 
and  the  need  for  anticipating  the  consequent  requirements.  In 
reaching  for  new  capabilities  (such  as  higher  power  outputs  and 
higher  missile  and  aircraft  speeds  for  probing  outer  space),  we  are 
continually  meeting  new  environmental  conditions.  We  attempt  to 
estimate  the  environments  that^may  be  met,  based  on  knowledge 
obtained  from  previous  research  and  from  instrumentation  data  on 
development  probe  vehicles.  In  my  opinion,  the  problem  of  the 
unknown  environmental  aspects,  aggravated  by  the  mixture  of  these 
unknown  factors,  is  perhaps  tougher  than  the  problem  of  developing 
parts  and  materials  to  very  high  known  levels. 


Coming  down  to  the  practical  needs  of  the  moment,  can  we 
meet  some  of  our  new  requirements  with  present-day  part 3,  materials 
and  fabrication  techniques?  The  answer  is  that  we  can,  to  a  limited 
degree,  by  designing  around  present  technical  capabilities,  '/hen  we 
must  use  components  that  are  designed  for  operation  at  125°C,  we  can 
cool  the  units  or  compartments  to  achieve  a  degree  of  success. 
However,  there  is  a  penalty— and  quite  a  substantial  one — in  terns 
of  the  weight  and  space  taken  up  by  tl)e  oversized  parts,  blower 
motors,  refrigeration  units  and  blocks  of  heat-sink  material,  plus 
added  power  for  cooling  and  oversized  propulsion  plant  to  compensate 
for  the  additional  weight.  We  can  also  shield  nuclear  reactors  and 
put  the  electronic  controls  outside  the  shield,  but  again  we  payi 
Incidentally,  I  understand  that  in  some  of  our  present  space  probe 
vehicles,  every  pound  of  instrumentation  or  payload  increase  results 
in  an  increase  in  power  plant  weight  in  the  order  of  300  to  1.  The 
obvious  inference  is  that  the  use  of  parts  and  materials  specifically 
designed  and  developed  for  these  extreme  environments  will  result  in 
a  smaller  package  and,  for  the  same  propulsion  plant,  greater 
vehicle  performance  and  payload  capacity  with  lower  costs  of  system 
design  and  production.  Through  the  important  area  of  materials 
research,  we  can  derive  high-temperature  materials  for  nose  cone3, 
high-temperature  lubricants  and  perhaps  nev;  solder,  and  new 
electronic  parts  and  materials  suitable  for  all  the  previously 
mentioned  environments. 


Please  note  that  in  this  paper  my  examples  are  mainly  in 
the  temperature  area,  v/e  may  find  later  that  temperature  may  not  be 
the  toughest  environment.  Prolonged  exposure  to  cosmic  radiation 
may  be  the  ''killer” — perhaps  a  combination  of  several  may  become 
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our  principle  concern. 

In  the  field  of  component  reliability,  again,  new  mission 
requirements  and  demands  for  higher  performance  leading  to  increased 
complexity  are  causing  our  people  in  component -parts  work  to  think  in 
terms  of  failure  rates  on  the  order  of  0.001  percent  per  1,000  hours 
for  future  designs,  as  compared  to  present  fi.;.;n  s  of  0.2  percent  to 
10  percent  per  1,000  hours.  In  the  past,  we  tiled  to  meet  our 
systems  requirements  mainly  by  using  available  parts  and  materials 
and  designing  around  deficiencies.  Thermal  design,  redundancy 
techniques  and d e rating  to  a  permissible  failure-rate  level  have 
helped  us  thus  far;  but — let’s  face  it | —  equipment  and  systems 
employing  parts  and  materials  now  at  hand  have  just  about  reached 
their  ultimate  application. 

The  only  hop>e  for  fulfilling  new  requirements,  which  will 
surely  demand  greater  reliability  by  at  least  an  order  of  magnitude, 
lies  in  carrying  out  research  on  basic  /roperties  of  materials  and 
new  design  concepts  based  upon  total  i'ui.ttic.vuL  systems  requirements. 
It  is  not  enough  to  gain  marginal  improvements  th.ro ugh  rigid 
*■  engineering  discipline  applied  to  available  circuit  elements.  Only 
by  achieving  major  breakthroughs  can  we  succeed.  We  have  seen  this 
principle  demonstrated  before,  perhaps  to  a  lesser  degree  than  is 
needful  today.  The  styrenes,  the  glass  capacitor,  teflon  and  ferrite 
cores  are  examples  of  a  few  areas  in  which  vitally  needed  break¬ 
throughs  occurred.  For  eight  to  ten  years  we  conducted  a  frontal 
attack  on  the  receiving-tube  problem,  which  resulted  in  the  develop¬ 
ment  of  the  reliable  lines  of  miniature  receiving  tubes  and  sub¬ 
miniature  tubes  for  missile  applications. 

It  is  interesting  to  note  that  according  to  recent  cal¬ 
culations  by  ARINC  Research  Corporation  comparing  the  removal  rates 
of  receiving  tubes  in  19H+  to  the  presently  used  higher  quality  line, 
there  has  been  an  11-to-l  improvement  for  aircraft  applications  and 
a  12-to-l  improvement  for  shipboard  uses.  This  was  accomplished 
through  the  use  of  the  highest  quality  materials  and  under  very 
stringent  control  of  all  materials  processing  and  assembly.  The 
transistor,  a  major  breakthrough  in  the  use  of  physical  properties 
of  materials,  is  increasingly  coming  into  play  in  the  tube  sphere 
of  influence.  Looking  at  this  advance  from  the  materials  viewpoint, 
the  first  transistors  wore  germanium  types;  in  a  short  time,  silicon 
units  were  developed  for  higher  temperature  and  higher  px>wer  uses. 

In  the  psarts  area,  there  are  only  a  few  examples  of  efforts 
to  significantly  extend  the  life  of  an  item,  although  several 
capacitor  manufacturers  have  established  high  reliability  lines. 
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Actually,  the  situation  about  eight  years  ago  was  such  that  attention 
was  focused  on  tubes,  for  all  reliability  surveys  indicated  that  70 
to  80  percent  of  electronic  failures  were  due  to  tubes.  As  a 
consequence  of  the  tube  iinpi'ovements  I  mentioned  and  with  the  advent 
of  semiconductor  diodes  and  transistors  in  their  electronic  roles, 
t.hfi  failure  distribution  of  electronic  parts  has  eiiangeu. 
these  over-all  improvements,  however,  we  are  fortunate  if  we  can  meet 
even  present  requirements. 


A  few  weeks  ago  I  attended  a  briefing  and  progress  report 
on  the  Signal  Corps  Micro-Module  Program.  Those  of  you  familiar  with 
this  effort  know  that  the  first  objective  is  to  develop  micro-module3 
utilizing  available  techniques  and  materials,  then  to  improve  the 
module  capability  to  meet  requirements  for  higher  temperature, 
greater  reliability,  etc.  It  is  interesting  to  me  that  21  sub¬ 
contractors  are  materials  suppliers  offering  advanced  materials.  It 
is  also  noteworthy  that  the  research  and  development  program  proposed 
by  the  Signal  Corps,  which  is  necessary  to  provide  the  back-up  to 
the  p’-esent  effort  and  to  prepare  for  future  requirements.  This 
projected  effort  consists  mainly  of  materials  research. 


We  know  that  current  research  projects  are  uncovering 
amazing  capabilities  in  new  materials,  as  well  as  in  some  that  are  in 
use  today.  Studies  of  ceramics,  metallurgy,  and  the  molecular 
structure  and  chemistry  of  materials  have  recently  opened  new  avenues 
that  hold  great  promise  of  breakthroughs  in  the  near  future.  Closely 
allied  to  these  efforts  are  development  and  research  efforts  on 
fabrication  techniques,  which  may  prove  to  be  as  important  as  the 
materials  research  itself. 


Today,  an  extremely  important  phase  of  electronics  is  solid- 
state  physics,  for  this  may  completely  change  the  electronics  art 
and  industry  within  the  next  ten  years.  Research  studies  in 
microcircuitry  are  in  progress.  We  are  thinking  in  terms  of  thin 
films  and  solid  circuits  employing  molecular  elements  for  redundancy 
and  greater  reliability.  Vie  are  working  out  techniques  of  crystal 
growing  and  materials  integration,  with  the  aim  of  creating  solid 
equivalent  circuits  and  eliminating  the  present-day  standard  compon¬ 
ent.  This  simplification  of  dreuitry — eliminating  failure-prone 
components  and  the  numerous  connections  needed — promises  to  make 
possible  further  miniaturization  and  improved  reliability.  Only 
through  these  efforts  will  we  achieve  objectives  such  as  obtaining 
microscopic  sized  filters  of  virtually  infinite  "i"  (limited  only  by 
dielectric  loss)  or  a  3-inch-cube,  solid-circuit  comruter  with  a 
storage  capacity  of  a  billion  bits.  Following  present  trends,  the 
future  technology  vdll  employ  the  basic  electrical  nature  of  matter 
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to  perform  electronic  functions, 

I  do  not  wish  to  give  you  the  impression  that  I  feel  all  is 
fine,  so  let’s  relax,  Present  research  and  development  efforts  are 
very  encouraging,  but  there  is  still  much  to  be  none,  Onco  the 
feasibility  of  an  item  is  established,  we  mu-st  then  conduct  follow-up 
development  to  im.-rove  these  new  devices  so  that  they  will  withstand 
the  prevailing  environments  and  attain  the  necessary  reliability 
levels,  Furthermore  once  these  items  are  developed,  test  techniques 
and  equipment  must  be  developed  to  measure  these  nev;  capabilities. 
This  phase  can  be  most  important.  In  new  developments  such  as 
cryogenics,  we  must  consider  the  sizp  and  weight  of  the  associated 
refrigeration  equipment;  in  solid-circuit  com. uters,  the  input  and 
output  techniques  and  the  required  power  supply. 

Recognizing  the  importance  of  supporting  research  programs 
in  the  electronics  parts,  tubes  and  materials  area,  the  Deputy 
Secretary  of  Defense  some  months  ago  approved  emergency  funding  to 
supplement  the  normal  budget  for  long  range  supporting  research 
programs  in  electronic  tubes  and  parts,  Kis  instructions  were  to 
*  continue  the  nev/  level  of  effort  through  FY  I960, 

I  have  said  that  our  present  research  programs  in 
materials  promise  great  things  for  the  future.  So  that  materiab 
research  will  proceed  as  fast  as  possible,  the  users  of  the  research 
products— the  equipment  and  systems  designers— must  define  their 
requironents  in  terms  of  the  functions  and  environmental  stresses 
to  be  anticipated.  Here,  a  good  example  is  the  categorization  of 
environmerrta  established  by  the  tdvisory  Group  on  Electronic  Parts. 
This  publication  is  ■•called  the  Environmental  Requirements  Guide  for 
Electronic  Component  Parts.  Moreover,  all  research  groups,  as  well 
as  designers,  should  make  it  their  business  to  know  what  programs 
are  being  conducted  in  their  fields  of  interest,  what  techniques  are 
being  developed  and  the  status  of  these  activities. 

Now,  to  ensure  full  use  of  new  developments  and  to  speed  up 
systems  programs,  it  is  most  important  that  details  of  new  applica¬ 
tions  be  quickly  disseminated  to  the  hardware  designers.  Ke  simply 
haven't  the  time,  money  or  manpower  to  repeat  investigations,  tests 
and  design  efforts  that  have  already  been  accomplished  satisfactorily. 
Information  exchange  on  research  and  development  can  make  possible 
the  earlier  attainment  of  higher  performance  capabilities  and  can 
secure  for  us  greater  numbers  of  electronic  functions  with  the 
required  level  of  reliability.  This  speed-up  could  achieve  from 
two  to  ten  times  the  rate  of  normal  progress. 
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The  Advisory  Group  on  Electronic  Parts  recently  issued  a 
report  entitled  ”A  Capsule  Summary  of  the  AGEP  Program  in  the  Area  of 
Electronic  Parts  and  Materials.”  Copies  of  this  report  as  veil  as 
detailed  information  on  specific  projects  can  be  obtained  from  the 
Secretariat  of  the  Advisory  Group. 

In  this  matter  of  dissemination  of  information  I  understand 
that  the  Air  Force  has  recently  reviewed  its  reports  distribution 
lists  to  insure  that  all  interested  groups  receive  copies  of  the  ASTIA 
printed  Air  Force  reports.  Additionally,  the  Air  Force  is  arranging 
to  provide  the  AircraftKlustries  Association  and  the  Electronic 

Irkistrirs  Association  with  lists  of  new  reports  on  file  at  ASTIA. 

| 

Yes,  I  am  aware  that  there  are  stubborn  problems  in  the 
exchange  and  dissemination  of  information  on  new  design  techniques 
and  application  data.  Nevertheless,  I  am  asking  management  groups 
to  recognize  the  importance  and  urgency  of  t  his  operation  in  the 
light  of  our  national  military  posture,  our  economic  welfare  and  our 
position  at  the  table  of  international  negotiation. 

I’d  like  to  leave  two  thoughts  with  you.  First,  our 
ability  to  meet  future  requirements  for  electronic  systems  will 
depend  significantly  upon  new  developments  in  materials,  process 
control  and  fabrication  techniques.  Second,  the  speed  with  which 
new  principles,  techniques  and  materials  are  used  will  be  a  function 
of  the  time  required  to  make  known  the  availability  of  the  new 
application  data  and  associated  design  techniques. 
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DEVELOPMENT  OP  URETHANE  PLASTIC  FOAMS  AND  INORGANIC 
CERAMIC  FOAMS  FOR  PRECISION  RADOMES 


Dr*  Howard'  R.  Moore 
IT.  S.  Naval  Air  Development  Center 
Johns  ?!  lie,  Pennsylvania 


Radomes  (radar  domes)  are  aerodynamic  housings  to  protect 
the  antenna  and  associated  electronic  equipment  from  the  air  stream, 
so  designed  as  to  transmit  maximum  radar  energy  with  minimum  pattern 
distortion  and  deflection  of  the  beam  radiated  by  the  antenna*  Ideal¬ 
ly,  radomes  should  have  the  same  transmission  as  free  space  and  at 
the  same  time  meet  mechanical  strength  and  aerodynamic  requirements* 

Radomes  may  be  classified  broadly  as  "search"  or  "precision" 
types  according  to  their  mission  In  piloted  aircraft  and  missiles* 
Patrol  plane 8  are  usually  fitted  with  both  types  of  radomes;  for  ex¬ 
ample,  Cadillac  search  radomes  and  precision  nose  radomes  are  in¬ 
stalled  in  the  Navy’s  P?V  bomber  and  WV-2  Super  Constellation* 

Search  radomes  approximate  the  ideal  hemispherical  structure  shown 
in  Figure  1  since  these  configurations  are  characterized  by  minimum 
pattern  distortion,  phase  delay,  and  refraction  of  the  radiated  beam* 
In  this  sense,  hemispherical  domes  may  be  considered  broadly  as  pre¬ 
cision  radomes,  although  they  are  seldom  used  for  this  purpose  be¬ 
cause  of  their  poor  resistance  to  aerodynamic  loading* 

The  attainment  of  90  to  95  percent  transmission  over  wide 
variations  in  antenna  scan  poses  no  problem  with  search  domes  based 
on  plastic  glass  reinforced  honeycomb  cores  and  skins;  however,  this 
objective  becomes  considerably  moire  difficult  for  the  ogive  and  coni¬ 
cal  designs  shown  in  Figure  1*  These  shapes,  predicated  by  aero¬ 
dynamic  requirements  for  tracking,  intercept,  and  terminal  guidance 
radar  installations  in  high  speed  aircraft  and  missiles,  exact  much 
higher  standards  in  the  uniformity  of  dielectric  constant  and  wall 
thickness  over  the  design  range  of  scan  angles  than  the  search  types. 
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*  As  may  be  expected,  the  difficulty  of  compensating  adequately 

for  variations  in  reflection,  absorption,  refraction,  and  phase  delay 
of  rays  Incident  on  the  radome  wall  to  secure  high  microwave  trans¬ 
mission  for  accurate  location  of  distant  targets  increases  greatly 
with  the  "fineness  ratios"  of  precision  domes,  expressed  in  terms  of 
the  ratios  of  their  altitudes  to  base  diameters.  Fineness  ratios  for 
the  ogive  and  conical  shapes  shown  in  Figure  1  are  2.210  and  1.375, 
respectively.  Ogive  shapes  are  more  versatile  than  conical  types  in 
this  respect,  since  their  continually  varying  radii  of  curvature  per¬ 
mit  the  transmission  of  radiation  at  slightly  higher  angles  of  inci¬ 
dence  than  their  average  angles  of  scan. 

Although  it  has  been  demonstrated  that  both  ogive  and  conical 
domes  can  be  designed  to  give  90  percent  and  even  higher  power  trans¬ 
mission  at  design  microwave  incidence  angles  of  70  to  85  degrees, 
corresponding  to  progressive  increases  in  fineness  ratios  and  aero¬ 
dynamic  efficiency,  this  approach  seen  reaches  a  point  of  diminish¬ 
ing  returns  because  of  abrupt  reductions  in  power  transmission  at 
angles  of  incidencp  ranging  from  aero  to  60  degrees.  These  unfavor- 
‘  able  results  can  be  mitigated  by  sharp  reductions  in  wall  thickness, 
and  by  increasing  the  dielectric  constant  of  the  materials  used  in 
fabricating  "half  wave"  walls  from  4  to  9,  or  even  higher.  Un¬ 
fortunately,  these  methods  weaken  the  wall  and  decreases  thickness 
tolerance  from  ±0. 01-in.  to  ±0. 005-in.  However,  still  tighter  fabri¬ 
cation  tolerances  of  dtO. 002-in.  are  required  in  the  thickness  of  the 
facings  for  precision  sandwich  structure  conical  and/or  ogival  domes 
designed  for  optimum  transmission  at  design  angles  of  60  to  70  de¬ 
grees. 

The  foregoing  conclusions  on  the  electrical  and  dimensional 
criteria  for  precision  radomes  were  derived  from  a  consideration  of 
transmission  curves  and  numerical  data  published  by  this  Center  for 
both  half  wave  and  sandwich  structure  radomes  (  1  ).  A  weighed 
analysis  of  these  data  has  indicated  that  the  half  wave  concept  of 
radome  design  permits  more  accurate  tracking  of  the  target  than 
sandwich  designs.  This  favorable  result  was  believed  due  to  better 
control  of  variations  in  phase  delay  of  emergent  rays  within  limits 
consistent  with  maximum  boresight  shift  requirements  over  the  opera¬ 
ting  range  of  angles  of  incidence,  as  well  as  to  transmission  ef¬ 
ficiencies  exceeding  90  percent  for  the  maximum  angles  of  incidence 
for  which  thv  domes  were  designed.  Moreover,  the  design  thickness, 
d],  of  half  wave  domes  Is  independent  of  the  power  loss  (loss  tan¬ 
gent)  In  the  dielectric,  and  moy  be  readily  calculated  from  the 
equation 
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where  the  free  space  wavelength,  A.is  1,26  inches  for  X  band  fre¬ 
quency  9375  me;  6,,  >  the  dielectrlc^constant  of  the  radome  wall;  and 
9,  the  design  angle  of  incidence. 


Despite  the  greater  theoretical  and  praet  icsl  justification 
for  half  wave  versus  sandwich  structure  radome  designs,  the  nose 
radomes  of  the  Navy’s  F4P  interceptor  and  F11F  fighter  are  presently 
based  on  plastic  sandwich  structures  with  glass  reinforced  honeycomb 
cores  and  facings.  The  greater  weight  penalty  in  using  solid  half 
wave  structures  was  undoubtedly  a  factor  in  the  adoption  of  sandwich 
designs.  For  example,  a  radome  wall  of  this  type  0.33-in.  thick 
weighs  2.92  lb/ft  ,  as  contrasted  to  0.88  lb/ f  for  a  plastic  sand¬ 

wich  construction  based  on  honeycomb  of  9.9  Ib/cft  density  and  glass 
reinforced  facings  0.03-in.  thick.  Nevertheless,  there  was  no  alter¬ 
native  to  the  use  of  rigid  urethane  foamed -in-place  (FIF)  foams  in 
the  nose  sections  of  all  categories  of  precision  radomes  of  this 
type,  because  of  the  impracticality  of  machining  plastic  honeycomb 
to  sharp  radii  of  curvature.  This  circumstance  emphasizes  the  need 
of  increasing  the  strength  of  FIP  cores  to  the  level  required  to 
justify  their  substitution  for  honeycomb  for  the  entire  sandwich- 
structure. 


Several  years  ago,  the  Emerson  Electric  Company  demonstrated 
the  reduced  boresight  error  obtained  by  substituting  rigid  urethane 
foams  of  10  to  12  lb/cft  density  for  honeycomb  cores  in  sandwich 
structure  domes  (  2  }.  At  this  time,  Behrens  called  attention  to 
the  advantages  of  producing  urethane  foamed  cores  with  a  graduated 
thickness,  or  taper,  with  the  aid  of  matched  dies  to  secure  still 
further  reductions  in  boresight  error  (  3  ).  Raytheon  Manufacturing 
Company  subsequently  confirmed  Behrens  ?  calculations  in  the  design 
of  the  now  obsolete  Lark  surface-to-air  ogive  domes  22-in,  high  and 
15-in.  base  diameter.  This  Center  made  tho  necessary  tooling, 

Figure  2,  to  produce  these  domes  in  quantity  for  a  training  course 
in  the  repair  of  FIP  radomes  (  4  ),  and  for  verifying  the  efficiency 
of  the  recommended  wall  taper  of  only  0.11-in,  from  the  nose  to  the 
attachment  section  in  securing  hitherto  unsurpassed  reductions  in 
boresight  error. 

The  superior  electrical  characteristics  and  more  liberal 
manufacturing  tolerances  of  half  wave  radome  designs  were  the  main 
factors  in  this  Center’s  decision  to  establish  programs  for  making 
improved  light  weight  urethane  and  ceramic  foams.  In  developing 
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these  structures ,  It  was  recognized  that  suitable  additives  could  be 
incorporated  in  both  plastic  and  ceramic  formulations  to  raise  the 
dielectric  constants  of  the  foams  to  any  desired  level,  within  the 
range  4  to  10,  to  match  the  dielectric  constants  of  the  sandwich 
facings  within  the  same  range*  The  envisioned  sandwich  structures 
should  then  possess  the  advantages  of  light  weight  and  high  strength/ 
weight  ratios,  and  function  electrically  ir.  the  same  way  as  presently 
used  solid  wall  half  wave  structures. 

Part  I  is  a  review  of  the  present  status  of  materials  and 
processes  investigations  conducted  by  this  Center  on  improved  urethane 
plastic  foams.  Part  II  is  likewise  a  brief  summary  of  contract 
studies  on  ceramic  foams  carried  out  by  Professor  A.  J,  Metzger  and 
his  assistants  in  the  Department  of  Ceramic  Engineering,  Virginia 
Polytechnic  Institute,  from  1950  to  the  present  time. 


Urethane  Plastic  Foams 

This  research  relates  to  the  development,  first,  of  low 
temperature-viscosity  cycling  processing  techniques  to  increase  the 
degree  of  crons  linking  of  unesterified  hydroxyl  and  carboxyl  groups 
in  foam  lesin  compositions;  and  secondly,  the  synthesis  and  evalua¬ 
tion  of  four  classes  of  foaming  resins  based  on  widely  different 
functionality  patterns  of  interacting  poly-  and  monofunctional  re¬ 
actants. 


Analysis  of  the  state-of-the-art  that  prevailed  at  the  time 
this  work  was  planned  indicated  that  the  quality  of  rigid  urethane 
foams  based  on  the  condensation  of  organic  di isocyanates,  such  m 
toluene  diisocyanate  (TB'X),  with  partially  eoterifiad  alkyd  resins,, 
was  dependent  mainly  on  two  factors: 

1,  The  process  used  in  converting  the  resins  to  foam. 

2.  'The  composition  and  properties  of  the  resins  themselves. 

As  a  result  of  investigating  many  facets  of  urethane  foam 
technology  under  Air  Force  contracts  from  1946  to  1952,  Goodyear 
Aircraft  Corporation  developed  a  constant  temperature  process  by 
which  the  preferred  resin,  Alkyd  100,  later  offered  to  industry  as 
Selectron  5922  by  Pittsburgh  Plate  Glass  Company,  was  reacted  at 
temperatures  of  80-85°F  for  32-35  minutes  until  decarboxylation  was 
firmly  established,  at  which  point  4,256  acetone-Aerosol  OT  on  the 
weight  of  the  batch  was  added  to  obtain  a  suitably  low  pour  point 
viscosity  (  5  ). 
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This  process  was  well  adapted  to  the  m&rru  f  ac tur o  of  radcmes 
since  the  increased  induction  time  to  foaming  allowed  removal  of  air 
babbles  and  accurate  placement  of  matched  dies  before  pouring.  Never¬ 
theless,  a  study  of  the  Goodyear  retorts  indicated  that  %/_:v.:'*OT-ibl# 
improvements  were  needed  in  upgrading  the  cross  linking  efficiency 
of  free  carboxyl  groups  in  the  resin  before  the  newly  expanded  foams 
were  immobilized  by  gelation.  Thus  it  was  found  that  foamed  rad ones 
based  on  recommended  materials  and  processes  specifications  (  *5  ) 
were  subject  to  .spontaneous  blistering  and  d examination  in  service 
and  on  prolonged  storage  (  6  ).  This  effect  could  be  produced  at 
will  by  subjecting  foamed  rador-c"  to  a  second  cost-curing  operation 
(  7  ). 


Similar  evidence  of  incomplete  cross  linking  was  obtained 
by  this  Center  in  foaming  several  Lark  rad ones  with  the  Lock foam 
A-210  auick-mix  formulation  for  a  training  course  on  foam  repair 
methods  (  4  )•  Thus  it  was  found  necessary  to  cure  foamed-in-place 
(FIP)  patches  for  3  hrs,  at  175°F,  considerably  below  the  recom¬ 
mended  cure  temperature  of  225—25GPF,  to  prevent  immediate  post¬ 
curing  blistering  end  delamination  affects. 

In  seeking  the  reasons  for  the  post-curing  evolution  of 
CO2,  Goodyear  Aircraft  Corporation  concluded  that  the  foams  con¬ 
tained  substantial  amount  of  partially  cross  linked  polymers  of  the 
type 


u  8  0 

OCN  -  R'  -  N9G  -  R-  OC-^-R1  -N-C  -  ojt  -  COOH 

OH  H  H  OH 

This  conclusion  was  based  on  the  following  observaticr.s: 

1.  Irififtcrsiofi  of  cured  fos^a,  caused  a  secondary  expansion 
of  1*0%  and  a  40°F  rise  in  heat  distortion  temperatures, 

2,  Boiling  water  hydrolysis  of  powdered,  foams  oroduced 
measurable  quantities  of  CO2  gas* 

These  experiments  proved  the  existence  of  free  NCO  and  COOH 
groups  in  cured  foams.  Since  primary  urethane  and  amide  linkages 
are  resistant  to  hydrolysis,  the  relatively  high  water  vapor  ab¬ 
sorption  of  the  foams  at  160°F  could  be  readily  attributed  to  the 
presence  of  free  hydrophilic  OH  groups  in  the  cured  specimens. 
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The  first  object  of  this  research  was  then  to  devise  proces¬ 
sing  techniques  capable  of  minimizing  the  occlusion  of  partially 
cross  linked  low  molecular  polymers  in  the  cured  foam.  In  devising 
these  techniques,  it  appeared  desirable  to  stabilize  the  viscosity 
of  thG  cone cr.s ate  for  as  long  a  time  as  jxjsslble  In  consideration  of 
Hebermehl ' s  findings  (  S  )  that  the  rate  of  viscosity  increase  in 
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molecular  size. 


In  achieving  this  objective,  due  consideration  was  given 
the  need  of  somehow  compensating  for  the  higher  TDT  reactivity  of 
residual  water  of  esterification  in  the  resin  and  unesterified 
hydroxyl  groups,  as  expressed  by  Bayer's  reactivity  series 

HN-H  >  HD«H  >  RD*H  ?  RC00«H  ?  C^O-H  >  HOH 

In  this  respect,  it  was  concluded  that  neither  Bayer  nor  American 
investigators  (  9 )  had  optimized  the  selection  of  polyfunctional 
reactants ,  starting  OH/COOH  functional  group  ratios,  and  the  degree 
of  esterification  of  these  groups  in  synthesizing  resins.  A  de- 
sir'.  balance  of  these  factors  presumably  might  reduce  the  steric 
hind* dice  of  adjacent  free  OH  groups  in  branched  polymers,  and  point 
up  the  advantages  of  controlling  the  degree  of  branching  to  reduce 
the  competition  of  these  groups  for  TDI  in  the  production  of  foams. 

Goodyear's  success  in  obtaining  a  100*6  improvement  in  the 
tensile  strengths  of  foams  based  on  Selection  5922  nrovided  further 
incentive  for  a  resin  development  program.  This  resin  was  made 
merely  by  reducing  the  starting  OH/COOH  functional  group  ratio  of 
the  same  reactants  used  by  Bayer  from  2.0  to  1.9,  and  by  discon¬ 
tinuing  the  esterification  at  an  acid  number  of  44  instead  of  35  as 
recommended  by  Bayer  for  Desmopher.  800S  (  5  ).  However,  Solectron 
5922  still  contains  an  undesirably  high  OH/CCOH  free  group  ratio  of 
11:1,  as  computed  from  analytical  determinations  of  475  and  44  for 
the  hydroxyl  and  acid  numbers. 

As  a  result  of  this  curvey,  a  research  proposal  was  drafted 
for  the  synthesis  of  100  partially  esterified  alkyds  of  widely  dif¬ 
ferent  functionality  patterns  depending  on  the  numbers  of  active 
groups  present  in  polyfunctl onal  alcohol  and  acid  branching  reactants, 
and  corresponding  di-  and  mono-functional  branching  reducers* 


^’t,er  securing  &ireau  of  Aeronautics  approval  for  the  pro¬ 
posed  research,  it  was  decided  that  the  Naval  Ordnance  Laboratory 
(N0L),  White  Oak,  Md.  would  prepare  the  resins  in  accordance  with 
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the  principles  delineated  by  the  proposal.  The  National  Bjreau  of 
Standards  (NBS),  in  turn,  would  determine  the  physical  properties 
of  resulting  foams  in  accordance  with  improved  processing  techniques 
developed  by  this  Canter* 


Process  Development 

The  main  goal  in  process  studies  was  to  develop  long  time 
mixing  cycles  capable  of  generating  a  Sufficiently  low  pouf  pu.uVt 
viscosity  to  offset  the  need  of  adding  solvents,  such  as  acctone- 
Aerosol  OT,  which  reduce  the  adhesion  of  the  foam  to  plastic  glass 
reinforced  facings  (5  ),  and  conceivably  might  contribute  to 
blistering  and  reduced  heat  stability  if  significant  amounts  are 
retained  in  the  unicellular  foam  structure  after  cure.  Secondly,  to 
obtain  improved  cross  linking  efficiency,  the  new  techniques  should 
be  effective  in  suppressing  the  reactivity  of  free  hydroxyl  groups 
in  the  resin  to-  provide  an  opportunity  for  more  complete  decarboxyl¬ 
ation  of  the  condensate,  while  still  mobile,  before  gelation  of  the 
expanded  foam* 

Both  of  these  objectives  have  been  realized  by  various  low 
■  temperature  processing  cycles,  wherein  pulverized  Dry-Ice  served  as 
a  refrigerant  to  conserve  a  sufficient  fraction  of  the  total  poten¬ 
tial  exothermic  heat  of  the  system,  ic  early  stages  of  ths  condensa¬ 
tion,  to  activate  more  complete  decarboxylation  on  cessation  of  cool¬ 
ing,  as  illustrated  by  the  reaction 

HO-R-COOH  +  OCN-R’-NCO  OCN-R ' -N-C-O-g-RO H 

6  HO  OOH 

H 

(intermediate  unstable  acid  amide  anhydride) 

OCN-R  '-N-C-R-OH  +  CC>2 
H  0  <fe 
(polyamide ) 

In  this  connection,  it  is  pointed  out  that  the  CO2  gas  liberated  by 
the  sublimation  of  dry  ice  solid  CO2  does  not  contribute  to  the  ex¬ 
pansion  of  the  foam;  the  gas  is  promptly  expelled  from  the  batch, 
thereby  insulating  the  reactants  from  ambient  air  of  varying  moisture 
content. 


Carbon  dioxide  snow  obtained  by  sudden  release  of  CO2  gas 
from  inverted  cylinders  and  pulverized  Dry- Ice  from  50  lb  blocks  may 
be  used  optionally  in  these  processes  if  precautions  are  taken  to 
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store  the  material  in  a  vented  dessicator  or  bewar  flask  to  prevent 
the  ingress  of  moist  air.  Moisture  added  in  this  way  supplements  the 
quantity  of  linear  polyureas  formed,  due  to  residual  water  of  ester¬ 
ification  in  the  rosin,  in  accordance  with  the  TDI  hydrolysis  re¬ 
action 


»t  /N 

n  u  n 

l  II  I 

2  OCN-R-NRO  +  *>0  — r  00  N-R-N-C- N-R-NCC 

(pclyvre*  with  terminal  isocyanate  groups) 

Obviously,  the  concentration  of  linear  polyureas  should  be  held  to  a 
minimum  because  of  their  plasticizing  action  on  der' ved  foams. 

While  it  is  true  that  equivalent  results,  in  terms  of  foam 
product  properties,  were  obtained  by  intermittent  outside  ice-water 
cooling  of  small  batches  of  condensates  based  on  normal  reacting 
resins  similar  to  Selectron  (5922;  early  experiments  proved  that  there 
was  no  alternative  to  the  use  of  solid  CO2  in  removing  exotherm  from 
highly  reactive  NOI.  resins.  On  this  basis  it  was  decided  to  evalu¬ 
ate  the  effect  of  varying  intensities  of  internal  cooling  on  the 
performance  properties  of  foams  derived  from  Selectron  5922,  with 
the  expectation  that  these  schedules  could  be  adapted  to  NOL  resins 
of  unknown,  but  varying  TDI  reactivity. 

Table  I  is  a  resume  of  the  two  prior  art  methods  and  four  of 
the  ten  experimental  lew  temperature-viscosity  cycling  processing 
schedules  used  in  converting  45  of  the  75  NOL  resins  to  foams,  as 
well  as  Selectron  5922  adopted  as  the  comparison  standard* 

Complete  details  on  the  remaining  six  mixing  schedules  in¬ 
vestigated  for  Selectron  5922  are  given  in  a  detailed  report  on  both 
the  theoretical  and  practical  aspects  of  viscosity  cvcling  methods 
(10). 


At  the  outset,  due  emphasis  should  be  given  the  fact  that 
the  mixing  schedules  cited  by  Table  I  were  predetermined  by  the 
relatively  high  solidification  temperature,  69.8°F,  of  the  raeta 
(2,4-)  lsoaer  of  TDI,  the  only  isomer  commercially  available  at  the 
time  these  experiments  were  performed,  tore  recently,  the  80/20  and 
65/35  blends  of  2,4-2, 6-  isomers  with  melting  points  of  43,2  to 
53.6°F  and  35  to  41°F,  respectively,  have  been  offered.  Theoreti¬ 
cally,  these  isomer  blends  are  better  adapted  to  the  low  temperature 
processing  of  all  categories  of  resins,  since  TDI  compatibility  can 
be  established  at  lover  temperature  levels.  The  proportionately 
higher  conservation  of  reaction  exotherm  in  forming  labile,  secondary 
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valence  low  viscosity  urethane 
II  hypothetical  configurations 


H-0~?l'*COOH 

t 

OH 


linkages  with  the  following  Nos. 


I  arxl 


(II) 


(Labile  urethane  if 
from  2j.6-  isomer) 
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should  then  develop  higher  temperatures  on  cessation  of  cooling  with 
resultant  more  complete  foaming  (decarboxylation)  reactions. 


The  lot  of  Selectron  5922  used  in  determining  the  effect  of 
different  mixing  schedules  required  0.37  grains  of  TDI  per  gram  of 
resin,  ««  calculated  from  the  equation 


gms  TDI 
gms  resin 


1/2 


n  +  h 

56,100 


+ 


18  x  100 


174, 


(2) 


where  n  and  h  represent  the  acid  and  hydroxyl  numbers,  44  and  475  as 
determined  analytically,  and  Wp  the  weight  percentage  residual  water 
of  esterification,  1.5%  as  obtained  by  the  Dean-Stark  method. 


In  further  reference  to  Table  T,  Method  1  exp.  was  developed 
originally  as  a  screening  test  to  classify  N0L  resins  into  three 
groups  of  "normal",  "fast",  and  "very  fast"  TDI  reactivity  relative 
to  Selectron  5922  adopted  as  standard.  The  procedure  in  this  case 
was  to  maintain  temperatures  of  30-35°F  until  the  end  point  of  TDI 
compatibility,  as  indicated  by  the  initial  formation  of  a  one  phase 
system  in  spatula  smear  tests.  At  this  stage,  cooling  was  stopped 
and  mixing  continued  until  decarboxylation  was  firmly  established 
subsequent  to  reaching  a  viscosity  minimum  considerably  below  the 
compatibility  viscosity. 


Method  1A  exp,  was  identical  with  the  above  procedure,  ex¬ 
cept  that  precooling  temperatures  of  70-72°F,  slightly  above  the 
crystallization  temperature  of  2,4-TDI,  were  maintained  to  the  end 
point  of  compatibility  before  allowing  the  reaction  to  proceed  on 
its  own  exotherm. 


Method  2  exp.  was  similar  to  the  prior  art  constant  tem¬ 
perature  method  "Y"  in  failing  to  develop  a  viscosity  minimum.  This 
method,  ostensibly  developed  to  convert  very  fast  reacting  N0L  resins 
to  foams,  was  carried  out  ty  precooling  the  resin  to  temperatures 
5  to  10°F  below  the  2,4-TDI  crystallization  temperature  of  69 . 3°F , 
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and  maintaining  these  temperatures  for  10  to  11  minutes  before  dis¬ 
continuing  solid  CO2  additions,  ^subsequent  slow  melting  of  the  TDI. 
crystals  slowed  up  th«*  reaction  speed,  but  the  terminal  incipient 
foaming  viscosity  was  too  high  to  yield  foams  of  acceptable  texture 
and  physical  properties. 


lUviae 


results 
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lower  melting  2,4-  2,6-TDI  isomer  blends,  cited  above,  in  achieving 
true  compatibility  at  a  lower  temperature  range. 


Method  3  exp.  was  carried  out  by  continued  additions  of 
solid  CO2  for  17-1S  minutes  beyond  the  end  point  of  compitibility 
temperatures  of  7G-72°F<.  At  this  stage  an  abrupt  increase  in  vis¬ 
cosity  took  place,  conceivably  due  to  the  transition  of  secondary 
labile  urethane  linkages  to  primary  types.  Thereafter,  on  cessation 
cf  cooling,  mixing  was  continued  until  foaming  occurred  subsequent 
to  the  attainment  of  a  viscosity  minimum  of  about  300  poises. 


Characteristically,  each  of  the  solvent-free  methods  of 
Table  I  developed  minimum  viscosities  before  the  condensates  gradu¬ 
ally  changed  in  appearance  from  transparent  amber  to  a  white  opaque 
color  due  to  the  evolution  of  COp  bubbles  throughout  the  mass.  The 
occurrence  of  viscosity  minima  was  evidently  due  to  the  action  of 
exothermic  heat  in  reducing  the  viscosity  of  the  condensates  at  a 
more  rapid  rate  than  the  increase  normally  attending  cross  linking 
reactions.  This  phenomenon  is  advantageous  since  it  permits  the 
preparation  of  condensates  with  low  pour  points,  not  exceeding  400 
poises ,  to  obtain  rigid  solvent-free  foams  of  improved  physical 
properties. 

Incidentally,  the  prior  art  method  "X"  of  no  temperature 
control  is  also  a  viscosity  cycling  process  in  consideration  of  the 
recorded  minimum  of  35  ps  prior  to  attainment  of  the  foaming  thresh¬ 
old  at  90  pe.  However,  the  mixing  time,  10  minutes,  was  so  short 
that  a  major  fraction  of  the  total,  exothermic  heat  of  reaction  was 
trapped  in  the  expended  foam.  The  resulting  high  internal  tempera¬ 
tures  frequently  caused  cracking  and  incipient  carbonization  of 
thick  reactions  of  the  foam.  Users  of  this  process  ( H  )  have 
recommended  multiple  pours  to  eliminate  this  difficulty  and  counter¬ 
act  the  effect  of  short  induction  times. 


Figure  3  shows  the  Brabender  Plastograph  used  interchange¬ 
ably  with  the  Hobart  Planetary  Mixer,  Figure  5,  in  obtaining  the 
trend  of  condensate  viscosities  and  temperatures  from  the  instant 
of  adding  TDI  to  the  precooled  resin  to  the  time  of  pouring. 
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Figure  3  -  Plastograph  used  in  mixing  alkyd-TDI 
condensates  by  the  dry-ice  method 


Figure  4  is  a  typical  riastograpn  chart  recording  of  con¬ 
densate  viscosities  and  temperatures  as  a  function  of  time  for  a 
slow  reacting  NQL  resin  prepared  by  Method  1A»  This  chart  illus¬ 
trates  a  gradual  decrease  of  condensate  viscosity  from  a  maximum  of 
280  metergrams  at  the  end  point  of  compatibility  to  a  minimum  of  35 
metergrams,  followed  by  an  increase  to  125  metergrams  where  de¬ 
carboxylation  was  noted.  MetergT*m  values  were  converted  to  poises 
vfith  the  aid  of  a  calibration  chart  (not  shown),  based  on  independent 
determinations  of  the  metergram  readings  of  NOL  resins  whose  vis¬ 
cosities  varied  from  50  tc  8,000  poises  over  temperatures  raruriru? 
from  70  to  150°F- 

The  automatic  viscosity  recording  feature  renders  tho 
Plastograph  ideally  suited  for  determining  process  criteria;  however, 
the  525  gram  limitation  in  batch  size  and  7000  poises  upper  limit  in 
viscosity  comprised  restrictions  not  shared  by  Hobart  Planetary 
Mixers.  The  main  disadvantage  of  these  machines  was  the  necessity 
of  interrupting  the  mixing  for  Brookfield  viscosity  determinations, 
but  this  is  no  longer  a  drawback  after  viscosity  variations  for  a 
given  resin  have  been  established  in  preliminary  tests. 

Figure  5  depicts  the  l/8  H.P.  laboratory  size  Hobart  Mixer 
used  in  procuring  all  intermediate  and  final  pour  point  criteria. 

Much  stronger  1/3  to  1  H.P.  mixers  were  required  in  variations  of 
the  extended  compatibility  procedure.  Method  3  exp.,  developed  by 
Raytheon  Manufacturing  Co.  in  an  early  sandwich  design  for  Sparrow 
III  radomes. 

In  general,  all  viscosity  cycling  methods,  whether  carried 
out  by  the  release  of  exothermic  heat  at  the  compatibility  end  point, 
or  after  reaching  an  abrupt  "peak  viscosity”  following  a  viscosity 
plateau  of  considerable  duration,  were  characterized  by  a  pronounced 
drop  in  viscosity  followed  by  a  slow  increase  to  the  foaming  thresh¬ 
old.  Figure  6  illustrates  this  property  for  cessation  of  cooling  at 
the  compatibility  end  point  (Methods  1  exp.  and  1A  exp. )  and  an 
earlier  version  of  Method  2  exp.  wherein  solid  CO2  additions  were 
reduced  in  quantity  until  a  minimum  was  attained  at  500  pa. 

The  extended  compatibility  procedure  generated  considerably 
higher  minima,  300  ps,  for  Method  3  exp.,  and  750  to  850  ps  for  the 
long  time  (75-90  minutes)  modifications  of  this  process  adopted  by 
Raytheon  Manuf a c biring  Co. 

Table  II  gives  the  terminal  pour  point  criteria  for  525 
gram  batches  of  condensates  oroce3sed  by  each  of  six  different 
methods,  357  grams  of  which  was  poured  Into  demountable  aluminum 
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molds  with  internal  dimensions  of  9  x  10  r  X-l/2  in,  to  produce  re¬ 
stricted  foams  of  about  10  Ib/cft  density.  Prior  to  pouring,  the 
molds  were  preheated  to  150°F  to  avoid  sudden  chilling  of  the  batch. 
Freshly  poured  condensates  were  then  transferred  to  an  air  circulating 
oven  pre-set  to  150°?  to  complete  expansion  and  gelation  of  the  foams 
within  l/2  hour  before  raising  the  temperature  to  275°  for  post¬ 
gelation  cure  cycles  of  3  hours. 

Half  size  batches  or  uoj*e  made  in  separate  ex~ 

periments  to  ascertain  the  ranges  in  expansion  temperatures,  vis¬ 
cosities,  and  gelation  times  of  100  gram  quantities  poured  into  quart- 
size  paper  cups.  The  purpose  here  was  to  determine  whether  increased 
duration  of  mixing  was  accompanied  by  increased  rnobility  and  higher 
gelation  viscosities  of  expanding  condensates.  In  general,  these 
data  support  a  direct  correlation  between  pre-pour  and  post-pour 
criteria  on  the  one  hand,  and  foam  performance  properties  on  the 
other. 


Table  II  product  data  show  that  Methods  1  exp.  and  1A  exp. 
were  equal,  within  experimental  data,  to  Process  "Yn,  and  that  Method 
2  exp.  was  inferior.  However,  all  four  viscosity  cycling  methods 
were' superior  to  "X”  and  "Y"  control  procedures  if  allowance  is  made 
for  their  effectiveness  in  improving  the  resistance  to  compressive 
heat  distortion  of  resulting  foams,  as  obtained  by  the  NBS  with  the 
aid  of  a  Williams  Plastometer.  Percentage  decreases  in  thickness  of 
specimens  subjected  to  a  1  hour  heat-soak  at  266°F  in  a  thermo¬ 
statically  controlled  oven  were  founu  uo  00  <j>u, 

and  1.7  for  each  of  the’  six  processes  in  the  order  given  by  Table  II. 
Poor  cross  linking  was  undouM-adly  responsible  for  Process  MXn  re¬ 
sults,  while  entrapment  of  ar<  appreciable  quantity  of  ace  tone -Aero  sol 
0T  solvent  in  rtYu  processed  foams  could  easily  account  for  their  still 
higher  heat  deflection. 

As  stated  above,  Table  TI  results  could  be  reproduced  by 
external  cooling  of  small  batches  not  exceeding  525  grams.  Consider¬ 
able  difficulty,  however,  was  encountered  in  maintaining  reaction 
temperatures  within  stated  limits  by  outside  cold  water  circulation 
through  jacketed  Hobart  and  irabender  reaction  vessels.  Intermittent 
cooling  with  a  removable  cold  water  source  was  usually  required. 
Further  difficulties  were  encountered  in  the  solidification  of  resin 
condensate  on  the  walls  of  the  container.  The  solid  CO2  method  of 
viscosity-cycling  bypasses  these  difficulties.  Cornell  Aeronautical 
laboratory,  for  example,  has  adopted  preferred  versions  of  the  solid 
CO2  procedure  in  preparing  75  lb  batches  of  condensate  in  foaming 
KDM-1  drone  wings,  and  for  converting  newly  developed  terpolymer  un¬ 
saturated  alkyds  to  heat  resistant  foams  (  12  )8  At  the  present  time, 
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the  same  technique  is  being  used  by  CAL  in  foaming  modular  units  for 
building  and  housing  construction  (13  )• 


Confirmatory  evidence  on  the  improved  cross  linking  ef¬ 
ficiency  of  Method  3  exp.  relative  to  Method  "Y"  was  obtained  by 
prolonged  (200  hour)  extractions  of  25  gm  samples  of  pulverized  foams 
placed  in  Soxhlet  extractions  containing  250  ml  butyl  acetate.  Analy¬ 
sis  of  the  amber  colored  resin  extracts,  in  amount  equal  to  7*5?  and 
4,5^  by  weight  of  foam  given  by  Methods  "YH  and  3  exp.  schedules,  re¬ 
vealed  a  decrease  in  nitrogen  content  of  9.7%,  acid  numbers  0.7  unit, 
and  hydroxyl  numbers  137  units  for  Method  3  exp.  This  degree  of  re¬ 
duction  in  the  content  of  low  molecular;  cross  linked  polymers  with 
free  WOO,  C00H  and  OH  groups,  while  significant,  was  considerably 
below  the  level  sought  for  improved  foams.  Evidently,  improved  pro¬ 
cessing  techniques  cannot  in  themselves  compensate  for  defects  in- 
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Resin  Development 

In  order  to  obtain  data  on  the  effects  of  variations  in  the 
chemical  structure  of  poly-  and  mon.; functional  reactants,  starting 
functional  group  ratio,  and  degree  of  esxerifi cation  in  controlling 
the  number  of  free  hydroxyl  and  carboxyl  groups  and  the  molecular 
weights  of  resulting  polymers,  NOL  made  75  foaming  alkyds  class! fieu 
as  follows  with  respect  to  the  condensation  functionality  of  inter- 


acting  materials: 

Functionality 

Number  of 

Patterns 

Resi ns 

Class  T 

(Unmodified  Desmophen 

3:2,2 

28 

Types ) 

3:2, 2, 2 

4:2,2 

Class  IT 

(Diol  or  dibasic  acid 

3-2:2, 2 

33 

modified  types ) 

3-2:2, 2, 2 

3-2,  2, 2:2, 2 

3“'  c;^,^,2 


4-2 : 2,2* 

4-2:2* 

3, 3-2:2* 

2,2: 3-2,2* 


Class  TIT 

(Monobasic  acid 

3-1:2, 2 

10 

modified  types ) 

4-1:2, 2« 
2-1:3* 

\  V 
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Functionality  Number  of 

Patterns _  Resins 

Class  IV 

(Diol  and  monobasic  3-2-1 :2, 2  4 

acid  Modified  types)  3-2:3-2,2* 

“Note:  30  forraulations  based  on  functionality  patterns 
designated  by  asterisks  were  rejected  because  of 
excess  TCI  reactivity. 

The  functionality  patterns  of  all  reactants  used  in  making 
the  resins  are  herein  defined  in  terms  of  the  number  of  OR  equivalents 
present  in  the  branching  alcohols  followed  by  a  minus  sign  and  the 
integers  2  or  1  if  diols  or  monobasic  branening  reducers  are  present; 
these  are  sv.cceeded  by  a  colon  and  another  integer,  or  integers, 

Q**D-l'r'3  t*d  Vw  ^rvnr-a  <3  /-? 1  <rnoHnft  +V10  ^  +V.<-.  noUq  <-yr> 

M  “**  •-  ’■*  — '  ^  — *•«  <  —  •*  ^  —  Q  •  —  -  <  •  p  -•••  W  *  W  -*  -X  W  .  - - -*».  W  *  »'•  J  V>  <  *  O  -i  kJ  V  Jk 

combinations  of  organic  acids  used  in  making  the  resins.  In  this 
connection,  it  is  pointed  out  that  monobasic  acids,  such  as  eaprylic 
and  laurlc,  are  considered  branching  reducers  since  their  first  action 
in  the  cooking  cycle  is  production  of  the  mono-esters  of  branching 
and  dihydric  alcohols  in  proportions  corresponding  to  the  molar  quanti¬ 
fies  of  these  reactants  initially  present. 

Complete  information  on  the  starting  formulations  and  pro¬ 
perties  of  all  75  kqt,  alkyds  is  given  in  a  forthcoming  report  (  14  ), 
which  interprets  the  phy-sical  properties  of  resulting  foams  in  terms 
of  an  extension  of  Flory's  theory  of  branching  to  partially  esteri- 
fied  alkyds  based  on  starting  functional  group  ratios  in  excess  of 
the  minima  required  to  produce  polymers  free  from  surplus  branching 
monomers  and  branching  controllers  (15  ). 

Unfortunately,  due  to  their  high  TDI  reactivity,  30  of  the 
75  resins  could  not  be  converted  to  foams  because  of  their  rapid 
gelation  tendencies  when  processed  by  ?dethod  2  exp.  considered  most 
effective  of  the  four  experimental  processes  cited  by  Table  I  in  re¬ 
tarding  the  rate  of  2,4-TDI  cross  linking  reactions.  However,  it  is 
iikely  that  satisfactory  foams  would  have  been  obtained  if  the  80/20 
and  65/35  2,4-2,6-TDI  had  been  available  when  these  experiments  were 
performed . 

Table  III  lists  the  molar  proportions  of  the  reactants  use! 
in  making  four  typical  Class  I  resins  and  four  Class  IT  types  with 
functionality  patterns  of  3t2,2  and  3-2:2, 2,  respectively. 

Column  9  tabulates  the  percentages  of  starting  carboxyl 
equivalents  attributed  to  short  chain  aliphatic  and  aromatic  dibasic 
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fields  in  these  formulations .  These  data  were  utilized  in  inter¬ 
preting  the  behavior  of  resulting  foams.  Types  1  and  2  acids  were 
required  to  counteract  the  plasticity  induced  by  increased  chain 
lengths  between  branch  points,  due  to  the  use  of  sebacic  acid  in 
resin  formulations  4  and  4-D  and  increasing  proportions  of  diols  in 
Resins  Nos.  5-8  inclusive. 

The  OH/COOH  starting  equivalent  ratios,  r,  tabulated  ir: 

Col.  10  were  obtained  from  the  ratios  where  N£  and  Nn  are  the 

«_  *♦  ^ 

products  of  the  functionality  of  the  alcohol  and  acid  reactants  and 
the  numbers  of  corresponding  molar  equivalents  initially  present. 

Table  TV  shows  that  the  duplicate  "T)n  resins  are  low  acid 
number  counterparts  of  Resins  1-4,  inclusive,  whose  acid  numbers 
varied  from  60  to  66.  Resin  1-P  is  essentially  a  match  fer  Solectron 
5922 . 


Acid  and  hydroxyl  numbers  of  the  resins  were  determined  by 
the  usual  methods  of  alkaline  titration  and  acc-^y la li with  a  7/1 
blend  of  pyridine  and  acetic  anhydride.  The  extents  of  reaction  of 
carboxyl  group  equivalents  were  calculated  from  the  equation 


p_ 
-  a 


Nb(45,000)  -  AN (0.802) 

T5 — _ 

NB(45,000) 

W, 


/  ^  N 

u ; 


where  NB  is  the  number  of  carboxyl  equivalents  in  the  original  formu¬ 
lations;  45,000,  the  equivalent  weight  of  the  carboxyl  groun  in 
milligrams;  AN,  the  observed  acid  number;  0.802,  the  C00K/K0H  con¬ 
version  factor;  and  Vi,  the  weight  of  the  initial  charge  in  grams 
equal  to  the  sum  of  the  products  of  the  molecular  wcfr’hts  and  number 
of  moles  of  each  reactant. 


Equation  3  was  based  on  the  assumption  that  the  observed 
acid  numbers  represent  the  total  free  carboxyl  content  present  in 
the  resinous  produets.  In  thus  neglecting  the  possible  effect  of 
steric  hindrance,  due  to  coiling  of  the  molecule,  in  reducing  ob¬ 
served  acid  numbers  below  their  real  values,  it  is  evident  that  the 
reaction  extent  of  C00H  equivalents  is  given  by  the  quotient  of  the 
number  of  e3terified  equivalents  to  the  total  number  of  C00H  equiva¬ 
lents  in  the  starting  formulation.  The  number  of  esterified  equiva¬ 
lents  f  in  turn,  is  equal  to  the  difference  between  the  number  ori¬ 
ginally  present  per  gram  of  charge  and  the  number  remaining  per  gram 
of  product  as  calculated  from  acid  number  determinations* 
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Column  6  data  on  the  theoretical 
resin  compos] lions  were  obtained  from  the 


hydroxyl  numbers, 
formula 


of  the 


v  _  Na/  :k  17,000  x  3.3 

Ll  —  — -  . . ■  ~ 

Wf 


h  \ 

/ 


where  NA  is  the  number  of  unreaciod  hydroxyl  equivalents;  17,000, 
the  equivalent  weight  of  the  OH  group  in  milligrams;  3.3,  the  KOH^OH 
conversion  factor;  and  Wf  the  final  weight,  cr  yield,  of  the  resin  in 
grams. 

\ 

Equation  4  was  derived  from  a  consideration  of  the  identity 
pAnA  =  PpNr  (5) 

wherein  PA  designates  the  extent  of  reaction  of  all  hydroxyl  group 
equivalents,  NA,  initially  present.  But  since  the  number  of  un¬ 
reacted  OH  equivalents  is  the  difference  between  the  number  origin- 
,  ally  present  and  the  number  that  have  reacted, 

H  =  »A  -  P'#B  <6> 

Further,  it  is  obvious  that  the  theoretical  yield  cf  resin  may  be 

calculated  from  the  equation 

Wf  W<  -  Wd  (?) 

where  the  theoretic*!,  weight  of  aqueous  distillate,  Wd,  is  PgNB  x  18 
since  one  molecule  of  water  is  evolved  for  each  ester! f led  carboxyl 
group.  Hence,  product  yield  is  given  by 

Wf  =  wt  -  rBNB  x  13  (8) 

Ifydroxyl  numbers  were  readily . calculated  by  substituting  equations 
6  and  8  data  for  NA  and  Wf  in  equation  4. 

Calculated  values  of  Wf  were  always  slightly  higher  than 
experimental  values  obtained  by  measuring  the  volume  of  aqueous 
condensate  expelled  by  the  reactants  during  the  esterification  pro¬ 
cess.  Measured  values  of  Wd  were  always  somewhat  less  than  theo¬ 
retical  values  predicted  by  the  product  x  18,  However,  the 
order  of  agreement  was  sufficiently  good  to  preclude  the  possibility 
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of  higher  than  theoretical  quantities  of  water  due  to  etherification 
roacti ons . 


Table  IV  shows  that  the  calculated  hydroxyl  numbers  were 
always  higher  than  the  observed  values.  Much  better  agreement  was 
obtained  for  the  Class  II  types,  as  expected  by  the  effectiveness  of 
uaOx  jLii  i  ouU'viii^  the  stcric 

uroxyl  groups  in  the  resin  polymers. 


/S  r  A  <4  4  A 

A  tXiiu  A  Qiiv  V  W  x  uu^juvV'itw 


Total  free  group  percentages  and  free  OH/COOH  group  ratios, 
also  tabulated  in  Table  IV,  were  computed  from  the  equivalent  weight 
percentages  ratios  for  carboxyl  and  hydroxyl  groups;  namely, 


nfobsd )  x  0,802 
1000 


x  100  and 


h(calcd )  x  0.303 
1000 


x  100, 


where  0.802  and  0.303  represent  the  COOH/KOH  and  OH/KOK  conversion 
factors. 


Total  free  group  concentration  is  a  measure  of  the  poten^ 
tiai  cross  linking  density  of  the  resins,  and  free  OH/CCOH  ratios 
their  foaming  capacity.  The  total  free  group  content  of  Resins  1-4 
was  appreciably  higher  than  their  1B-4D  counterparts,  while  their 
free  group  ratios  were  appreciably  lower.  These  conditions  presage 
a  high  density  of  TDI  cross  linking  reactions  and  reduced  competi¬ 
tion  of  hydroxyl  for  carboxyl  groups  in  converting  to  foams.  How¬ 
ever,  the  total  free  group  concentration  in  Resins  5-3  was  consider¬ 
ably  lower  than  the  Class  I  types.  This  circumstance  nay  contribute 
to  their  greater  freedom  from  steric  hindrance  and  capability  for 
undergoing  more  complete  cross  linking  reactions. 

lastly,  Table  IV  data  on  the  branching  coefficients,  of  , 
of  the  reference  standard,  Selectron  5922,  arxJ  the  eight  Class  I 
resins  were  calculated  from  the  formula 


UK 


/rt  \ 


(y  / 


derived  by  Flory  for  unmodified  branched  polymers  with  short  growth 
chains.  The  expression 


cA 


T-  pB*u-p  )1  ’ 

rf  an 


(10) 
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also  developed  by  Flory  (  16),  was  used  to  calculate  the  branching 
coefficients  of  the  remaining  four  Class  II  resins  with  eiongated 
growth  chains. 


The  factor 


f 


in  equation  10  is  defined  by  the  ratio 


✓N 


K 

I 


Mil 


NA(b)  +  NA(d) 


(ID 


where  SA(b)  and  KA(d)  designate  the  number  of  OH  groups  originating 
from  branching  alcohols  and  diol  branching  roducers.  From  this  it 
follows  that  the  branching  reduction  factor,  1  ,  is  given  by  the 

inverse  ratio 


H*  (a  \ 

V.~  / 

NA(b)  +  NA(d) 


(12) 


Table  III  records  the  1-  P  values  for 
made  in  this  research  whose  branching 
the  range  8.8  to  67.8  percent. 


four  of  the  33  Class  II  resins 
reduction  ratios  varied  over 


The  branching  coefficient,  cA  as  defined  by  Flory,  is  the 
probability  that  a  hydroxyl  group  emanating  from  a  tri-  or  higher 
functionality  alcohol  is  connected  via  a  linear  growth  chain  to 
another  hydroxyl  group  originating  from  a  branching  alcohol  rather 
than  to  a  chain  terminated  by  an  unreacted  hydroxyl  or  carboxyl 
group. 


Since  it  was  as  stoned  that  hydroxyl  and  carboxyl  groups 
have  equal  reactivity,  the  probability  of  formation  of  branched 
polymers  with  short  growth  chains  i3  the  product  of  separate  OH  and 
C00H  reaction  probabilities,  hence 

c*  =  Vr  (13  > 


for  Class  I  polymers.  But  if  diols  are  present,  as  in  Class  IT 
polymers,  the  branching  probability  becomes 


o< 


papb/> 

1  -  Vb<i -|p> 


(14) 


Proceeding  on  the  assumption  that  the  reaction  probabili¬ 
ties,  PA  and  Pg,  can  be  identified  with  tangible  experimental 
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criteria,  namely  the  extents  of  reaction  of  the  hydroxyl  and  carboxyl 
groups  as  determined  analytically,  Flory  derived  equations  9  and  10 
by  substituting  Pg/r  for  in  equations  12  and  13* 

Incidentally,  Pa  measurements  should  be  avoided  wherever 
nossi^l*»i  «*ir>ce  annlvt.l cVi  determ-I  nations  nf  hvdroxv!  number  are 
subject  to  the  magnitude  of  the  steric  factor  and  to  variations  in 

V  V* 

the  concentration  of  acetic  anhydride  in  the  pyridine  acetylating 
reagent. 


Numerical  values  of  the  branching  coefficients,  as  such, 
provide  no  information  on  the  molecular  weights  or  numbers  of  branch 
points  present  in  the  polymer  fractions  of  the  resins;  however,  high 
values  of  o i  for  Class  I  resins  correspond  to  high  molecular  weights 
of  the  branched  polymers.  The  opposite  is  true  for  the  Class  II 
t ype?;  in  this  case,  for  fixed  values  of  and  r,  the  branching 
coefficient  decreases  with  increased  values  of  the  trenching  re¬ 
duction  ratio,  1-^  .  Hence  low  values  of  o(  for  Class  II  resins 
indicate  high  molecular  weights  of  their  polymer  components.  Linear 
molecules,  for  example,  with  zero  values  for  o<  ,  can  attain  molec¬ 
ular  weights  of '25. 000  or  more  (  16  ),  considerably  higher  than 
•recent  estimates  of  the  molecular  weights  of  different  classes  of 
partially  esterified  branched  polymers  (  15  ). 

Figure  7  shows  the  NOL  reaction  train  used  for  preparing 
each  of  the  75  resins  in  a  three  necked  flask  of  3»1 iters  canscl tv . 
The  temperature  of  the  charge  at  various  stages  of  the  condensation 
wa3  controlled  with  the  aid  cf  a  Glas-Col  electrically  heated  mantle 
connected  to  a  Varies •  Provisions  were  made  for  aspirating  nitrogen 
continuously  through  the  charge  during  the  reaction  cycle,  removing 
samples  for  acid  number  determinations  at  desired  intervals,  col¬ 
lecting  and  measuring  the  water  of  esterification,  and  finally  re¬ 
moving,  from  selected  resins,  all  but  the  last  traces  of  water  by 
vacuum  distillation  at  reduced  temperatures.  Water  vapor  evolved 
during  the  condensation  process  was  first  passed  through  a  Friedrichs 
steam  condenser  to  expedite  its  removal  before  passage  through  a  West 
condenser  and  collection  in  the  Bogert  distillation  receiver. 

Table  V  shows  a  definite  relation  between  the  numerical 
values  of  cX,  for  the  Class  I  resins  and  their  foam  product  properties. 
The  high  acid  number  version  of  these  resins,  with  branching  coef¬ 
ficients  of  0.34  to  0.40,  gave  decidedly  stronger  foams  at  normal 
and  elevated  temperature  than  their  "D"  more  highly  esterified 
counterparts  whose  branching  coefficients  varied  from  0*39  to  0,-15, 

As  explained  in  the  forthcoming  report  on  resin  formulations  (  14), 
Methods  1  exp.,  1A  exp.,  and  2  exp.  were  used  in  converting  those 
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r«sin3  to  foams  rather  than  the  preferred  method  ef  extended  compati¬ 
bility,  Method  3  exp.,  since  these  methods  are  similar  end  rermitted 
conclusions  to  be  drawn  on  the  role  of  resin  constitution  in  deter¬ 
mining  foam  properties  rather  than  processing  technique.  However, 

It  was  concluded  that  most  of  the  uore  undermixed,  in  con¬ 


sideration  of  their  lev  pour  point  viscosities,  which  should  have 
approached  400  poises  to  yield  stronger  foams  in  accordance  with  the 
proved  advantages  (  10  )  of  prolonging  mobility  of  the  2,4-TDI  con¬ 
densates  for  as  long  a  time  as  possible  before  pouring* 


Despite  this  failure  to  optimize  mixing  schedules,  Table  V 
shows  that  the  high  acid  number  Class  I  resins,  Nos.  1-4,  and  all  of 
the  four  Class  II  resins  gave  improvements  of  the  order  of  10  to  15 
percent  in  compression,  15  to  30  percent  in  shear,  and  20  to  75  per¬ 
cent  in  tensile  over  the  control,  Selectron  5922,  processed  by 
Method  1A  exp.  Significant  improvements  also  were  recorded  in  re¬ 
duced  water  vapor  absorption  at  160°F  and  compressive  heat  distor¬ 
tion  at  230  and  266°F. 


The  data  recorded  in  Tables  III,  IV  and  V  indicate  a 
general  correlation  between  the  kinds  of  poly functional  reactants, 
their  starting  functional  group  ratios,  degrees  of  esterification, 
and  resultant  foam  performance  characteristics.  Further  work  should 
be  done  to  optimize  these  variables  for  Resins  4,  4-D,  6,  7  and  8 
which  gave  superior  results  In  these  preliminary  tests.  For  example, 
it  is  conceivable  that  the  replacement  of  succinic  anhydride  and 
adipic  acid  by  phthalic  anhydride  and/or  tetrachlorophthalic  anhy¬ 
dride  in  Resins  6,  7  and  8  would  improve  the  comoression  strengths 
of  derived  foams  at  both  normal  and  elevated  temoerotures.  Tt  5s 
also  likely  that  more  favorable  results  would  have  been  obtained  if 
low  temperature-long  time  cooking  cycles  had  been  adopted  for  all 
resin  formulations*  In  this  work,  cooking  times  varied  from  3.2  to 
15  hr  and  esterification  temperatures  from  153  to  250°C.  Several 
years  ago,  Rruntzinger  end  co-workers  found  that  low  condensation 
temperatures  and  long  cooking  times  should  he  adopted  whenever  pos¬ 
sible  to  forestall  rapid  viscosity  build-up  of  polyesters  for  the 
same  degree  of  esterification (  17), 


Polymer  Structure 


Flory’s  equations  for  branching  coefficients  immediately 
suggest  methods  of  controlling  the  degree  of  branching  of  foam  resin 
polymers  by  judicious  manipulation  of  the  variables  r,  Pd,  and  p  . 
These  equations  take  on  a  new  meaning  if  interpreted  in  the  light  of 
the  schematic  branched  structures  (a)  and  (b)  shown  in  Figure  8. 
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(a)  Class  !  -  Polymer  Component  Based  on  r  =  1.500 


OCOROCO 


OCOROCO  i 


OH 

‘ — OH 
r— OH 


1 — OCOROCO H 


-  -  -  -  i  V 


(b)  Class  ?1  -  Polymer  Component  Based  on  r  =  1.375 


i — OH 


HO — 1 


>  CCOROCOR- OCOROCO - 


1 — OH 


1 — OCOROCO 


i  C 


OH 

OCOROCO H 
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(c)  Segment  of  Cross  Linked  Alkyd  Gel  Based  on  r  =  1.000 


- HOOCROCO - 1 —  OCOROCO - r—  OH - 

1 — OCOROCO  — OCOROCO 

-  -  -  HO  — L—  OCOROCO - 1 - C  COROCOH- 

Figure  8  -  Branched  structures  of  alkyd  foam 
polymers  and  gel  based  on  decreasing  starting 
functional  group  ratios 
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These  concepts  of  polymer  structure  are  useful  In  explain¬ 
ing  the  phenomenon  of  steric  hindrance  of  unesterified  functional 
groups*  Flory  has  Interpreted  steric  hindrance  in  terms  of  the  coil¬ 
ing  tendencies  of  branched  molecules  (  18).  Highly  branched  molecules 
of  low  acid  number  are  more  subject  to  coiling  than  low  molecular 
species  of  relatively  high  acid  numbers.  Short  growth  chains  in 
Class  I  polymers  may  increase  the  steric  factor  because  of  the  proxi- 
m.i  Ly  of  free  hydroxyl  groups.  The  introduction  of  esterified  diols 
in  the  chain  structure  of  Class  TT  polymers  reduces  the  magnitude  of 
this  effect  to  a  considerable  extent;  consequently,  it  was  expected 
that  TDI  cross  linking  reactions  would  proceed  to  a  higher  degree  of 
completion  with  polymers  of  this  type. 

f 

Postal  (  19  ),  and  Postal  and  Mark  (  20  )  have  Drooosed 
equations  for  determining  the  magnitude  of  the  steric  factor  for 
partially  cross  linked  polymers  of  varying  molecular  weight.  Nor¬ 
mally,  the  terminal  carboxyl  groups  in  such  polymers  are  stericuliy 
unhindered,  but  adjacent  OH  gps  in  condensation  polymers  are  subject 
to  varying  degrees  of  steric  hindrance  deoending  on  chain  lengths 
between  branch  points  and  the  degree  of  branching  of  the  molecule  as 
a  whole. 

Bavn  has  pointed  out  that  the  total  number  of  growth  and 
terminal  chains  in  branched  molecules  may  be  commuted  from  the  for¬ 
mula 


Nt  +  Ng  =  2  (y  +  z )  +  1  (15  ) 

where  y  and  z  represent  tne  number  of  branch  noints  attributed  to 
short  and  elongated  growth  chains  (  21  ).  Structures  (a)  and  (b)  of 
Figure  8  each  possess  three  branch  points,  two  growth  chains,  and 
five  terminal  groups,  one  of  which  is  carboxyl.  Obviously,  z  is 
zero  for  structure  (b).  Structure  (b)  has  a  higher  molecular  weight 
than  (a);  further,  it  can  be  shown  that  for  equal  molecular  weights 
Class  II  polymers  possess  fewer  branch  points  than  Class  I  types. 
Likewise,  it  is  evident  that  as  the  number  of  branch  points  increase 
with  higher  degrees  of  esterification  the  number  of  free  OH  groups 
also  increase,  although  the  weight  percentages  of  these  groups,  ex¬ 
pressed  in  terms  of  hydroxyl  numbers  or  free  group  percentages,  be¬ 
come  progressively  les3.  The  data  recorded  in  Columns  6  and  7  for 
the  Class  I  resins  in  Table  IV  bear  out  this  point. 

The  symbol  R  in  structures  (a)  and  (b)  of  Figure  8  repre¬ 
sents  a  single  partially  esterified  dibasic  acid  in  these  polymers 
and  several  comnletely  ester! fiod  residues  depending  on  the  number 
of  -OCOROCO-  growth  chains,  y,  in  the  molecule,  R/  represents  a 
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a  single  completely  esterified  did  residue  in  the  elongated  growth 
chain  z  of  structure  (b).  The  maximum  starting  functional  group 
ratios,  r,  required  to  produce  these  polymers  free  from  monomer  are 
1*5  and  1*375.  These  ratios  are  constant,  independent  of  the  niaber 
of  branch  points  in  the  moleculo. 

Although  equations  9  and  10  presumably  are  valid  for  all 
values  of  0(  ,  the  early  work  on  branched  polymers  was  limited  to 
alkyds  based  on  starting  functional  group  ratios  of  unity,  correspond¬ 
ing  to  equlmolecular  proportions  of  branching  alcohols  with  dibasic 
acids  (22  )  (23  )•  This  circumstance,  more  than  any  other,  has  de¬ 
layed  the  application  of  branching  theory  in  the  design  of  resins 
with  reduced  monomer  content.  Theoretically,  the  coexistence  of  lew 
molecular  polyurethanes  derived  from  these  polyfunctional  alcohol 
monomers  will  degrade  the  properties  of  the  foams  in  proportion  to 
their  concentration. 

Branched  molecules  based  on  equivalent  functional  group 
ratios  undergo  rapid  cross  linking  reactions  of  the  type  illustrated 
by  structure  (c )  of  Figure  8,  resulting  in  gelation  when  only  63  to 
79.5  percent  of  the  reactants  are  esterified.  It  has  been  estimated 
that  branched  molecules  of  this  type  become  extremely  large,  even¬ 
tually  attaining  molecular  weights  of  1022  or  more  before  gelling. 

The  incidence  of  gelation  at  relatively  low  extents  of  re¬ 
action  has  been  Interpreted  by  Flory  in  the  light  of  his  concept  of 
the  existence  of  a  critical,  or  gelation  threshold  value  of  the 
branching  coefficient,  ,  as  defined  by  the  equation 

(16) 

where  f  is  3  for  reactions  based  on  trihydric  alcohols  and  equi- 
molecular  proportions  of  OH  and  COOH  groups.  In  this  case,  the 
critical  extent  of  reaction,  pc,  is  equal  tc^*.  ,  since  P*  and  F~ 
are  equal.  While  it  is  conceivable  that  foams  made  by  interrupting 
the  condensation  at  lower  and  Pg  values  than  correspond  to  gela¬ 
tion,  such  foams  would  be  unusable  because  of  their  high  monomer 
content  and  the  need  of  a  high  surplus  of  OH  groups  to  impart 
rigidity  by  urethane  cross  linking  reactions. 

The  supplementary  report  on  foaming  resins  (  15  )  gives  full 
details  on  the  theoretical  background,  calculations,  and  experiment¬ 
al  evidence  in  support  of  Figure  8  structures  (a)  and  (b)  for  poly¬ 
mers  containing  one  free  carboxyl  group,  as  contrasted  to  alternate 
structures  of  considerably  higher  molecular  weight  bearing  two  or 
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more  such  groups.  Clearly,  insufficient  quantities  of  dibasic  acids 
were  used  in  Class  I  formulations,  and  still  lesser  quantities  in 
Class  IT  types,  to  tie  in  all  the  polyfunctional  alcohols  into  a 
single  polymeric  complex.  Selection  5922,  for  example,  was  based  on 
the  reaction  of  2.5  moles  adipic  acid  and  0.5  moles  phthalic  anhy¬ 
dride  with  3.3  moles  of  glycerine*  Since  only  two  of  the  three  OH 
groups  are  csterlfied  in  the  production  of  branched  polymers,  only 
3.0  moles  of  glycerine,  or  integral  multiples  of  3.0  moles,  can  be 
condensed  with  3.0  moles  or  integral  multiples  of  3.0  moles  of  di¬ 
basic  acids.  Therefore  the  excess,  0*3  moles  of  glycerine,  or  inte¬ 
gral  multiples  of  0.8  moles,  depending  on  the  degree  of  esterifica¬ 
tion  of  the  resin,  must  remain  admired  with  the  polymer  comnonents 
whose  number  average  molecular  weight  satisfies  the  equation 


/«•  \ 
Ut ) 


where  ANp  is  the  average  acid  number  of  the  polymers:  AKC,  the  ob¬ 
served  acid  number  of  the  resin  composition;  Wf,  the  resin  yield;  and 
Wp  the  weight  percent  polymer  in  the  product  as  obtained  from  the 
equation 


Wf  -  11 

*”p  =  “Sr- *ioo  (is) 


Wra  is  the  weight  percent  free  triol  monomer  in  excess  of  the  quantity 
required  to  produce  branched  polymers  with  one  or  more  free  C00H  ter¬ 
minal  groups. 


Tt  is  shown,  further,  that  the  supposition  of  two  or  three 
free  C00H  p-oups  can  only  be  satisfied  by  starting  functional  group 
ration  of  1*350  and  1.312,  considerably  lower  than  the  1.5  ratio  re¬ 
quired  for  the  production  of  Class  I  polymers  with  one  free  C00H 
group. 


Since  1.9  to  2.0  functional  group  ratios  were  used  in  the 
production  of  Class  I  polymers,  the  probability  of  formation  of 
branched  structures  with  two  or  more  free  C00H  groups  is  very  small. 
However,  the  calculated  ANp  value  of  49.4  for  Selection  5922  can  be 
satisfied  by  the  assumption  of  5  to  6  branch  points  for  polymers 
with  one  free  carboxyl  group,  and  9  and  14  branch  points  for  polymers 
with  two  and  three  carboxyl  groups.  Corresponding  number  average 
molecular  weights  for  these  polymers  are  1133,  2629.  and  4223 
respectively,  ’ 
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These  calculations  indicated  the  desirability  of  extracting 
the  unreacted  2lyeer^e  monomer  to  obtain  polymer  samples  for  molecu¬ 
lar  weight  determinations.  Alternately,  quantitative  analysis  of  the 
monomer  extract  was  expected  to  throw  light  on  the  structure  of  the 
polymer  since  resinous  compositions  based  on  polymer  components  with 
one,  two  or  three  free  COOH  groups  should  contain  10,6,  14.6,  and 
15.6  weight  percent  free  glycerine. 


•Since  facilities  were  not  immediately  available  for  molecu¬ 
lar  weight  determinations  of  the  polymer  fractions,  the  content  of 
free  glycerine  in  Selectron  5922  was  determined  after  first  making 
a  boiling  water  extract  of  the  resin  preheated  to  350°F.  After  cool¬ 
ing,  the  supernatant  aqueous  extract  was  evaporated  to  dryness  in  an 
inert  atmosphere.  Aliquot  samnles  of  the  dry  extract,  comprising  15 
percent  of  the  initial  weight  of  resin  were  re-disaolved  in  water  and 
analyzed  for  glycerine  by  the  periodate  method  (  24).  This  method 
utilizes  sulfuric  acid  to  liberate  periodic  acid  from  sodium  meta¬ 
periodate,  which  oxidizes  glycerine  in  accordance  with  the  equation 


03115(0103  +  2H5IO6 - *  2CH20  +  CH202  +  2HIO3  +  5H20 


Alkaline  titration  of  the  formic  acid  liberated  by  the  reaction  cor¬ 
responded  to  a  glycerine  content  of  3.5  percent,  appreciably  less 
than  10.6  percent  predicted  on  the  hypothesis  of  only  one  terminal 
COOH  group  in  the  polymer  fractions  of  the  resin.  Control  tests 
carried  out  with  ethyl  acetate  solutions  of  the  water  insoluble 
fraction,  comprising  85  percent  by  weight  of  the  resin,  revealed  no 
formic  acid  or  iodic  acid  whatsoever. 


i  i 


accuracy  of  the  periodate  titrations  undoubtedly  would 
be  improved  if  a  solvent  of  high  selectivity  could  be  found  to  re¬ 


move  small  quantities  of  low  molecular  weight  emulsified  polymers 
from  the  aqueous  extract.  Nevertheless,  the  order  of  agreement  was 
sufficiently  good  to  preclude  the  existence  of  substantial  quanti¬ 
ties  of  high  molecular  polymers  bearing  two  or  more  carboxyl  groups. 
As  explained  in  the  supplementary  report,  the  formation  of  such 
nolymers  would  yield  much  higher  percentages  of  unreacted  glycerine. 


Figure  3  structures  of  the  resin  polymers  has  received 
added  support  from  calculations  of  the  hydroxyl  number  contributions 
of  the  polymer  and  monomer  fractions  of  the  resins.  Ftydroxyl  numbers 
for  the  polymer  and  monomer  fractions  are  given  by  equations  19  and 
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NA'  x  17,000  x  3.3 
hP  =  Wf  x  %  Wp 


(19) 


$  OH  in  monomer  x  3.3  x  1000  x  WH 

— 


(20) 


For  Selectron  5922,  hp  and  are  294  and  194.  Their  sum, 
4 88,  agrees  exactly  with  the  calculated  value  recorded  in  Table  V 
for  this  resin. 


This  proof  of  the  existence  of  free  monomers,  as  predicted 
from  branching  theory,  highlights  the  need  of  preparing  resins  with 
little  or  no  unreacted  monomers.  The  limiting  factor  in  such  a  pro¬ 
ject  is  the  anticipated  high  viscosity  of  partially  esterifiod  poly¬ 
mers  not  containing  free  monomers  which  exercise  a  nlasticizing  ef¬ 
fect.  However,  it  is  felt  that  this  difficulty  may  be  overcome  by 
carefully  selecting  polyfunctional  alcohols  and  acids  canable  of 
undergoing  condensation  reactions  by  long  time-low  temperature  pro- 
*  cedures. 

Fart  II 


Inorganic  Ceramic  Foams 

Dense  unexpended  ceramics  have  long  been  considered  desir¬ 
able  radome  materials  because  of  their  good  dimensional,  electrical 
and  chemical  stability  over  a  wide  temperature  range,  and  their  low 
water  absorption  and  resistance  to  rain  erosion*  Hence,  it  is  not 
surprising  that  the  Office  of  Naval  Research  awarded  a  contract  to 
Rutgers  Dhiversity  in  1952  to  investigate  the  adaptability  of  these 
materials  to  radome  manufacture  (25). 

Despite  notable  success  in  the  fabrication  of  prototype 
steatite  solid  wall  ogival  radomes  of  moderate  size,  the  Rutgers 
team  soon  recognized  the  potential  difficulties  of  machining  still 
larger  domes  ranging  in  height  from  4  to  9  feet  and  base  diameters 
of  2  to  5  feet,  presently  based  on  symmetrical  sandwich  ani  half 
wave  wall  plastics  constructions.  The  need  of  fundamental  research 
to  increase  the  tensile  strength  and  impact  re-  ’stance  of  these 
dense  bodies  also  was  recognized. 

Even  if  these  limitations  are  sur'nounted,  their  high  weight 
penalty  will  always  remain  a  deterrent  to  the  use  of  3olid  ceramics 
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in  the  manufacture  of  precision  radomes.  Anticipating  the  advantages 
of  dielectric  sandwich  structures  in  overcoming  this  drawback,  the 
Air  Force  sponsored  contract  studies  with  Stunakoff  Ceramic  and  Manu¬ 
facturing  Company  to  investigate  the  efficacy  of  the  "bum  out."  pro¬ 
cess  for  levigating  solid  ceramic  formulations  (26)*  When  it  wa3 
demonstrated  that  foamed  radomes  based  on  this  process  had  non  uni¬ 
form-  electrical  properties  due  to  lack  of  homogeneity  in  Iheir  pore 
structure,  this  Center  approved  •  contract  protx'sal  submitted  by 
Professor  A.  J.  Metzger  of  Virginia  Polytechnic  Institute  to  in¬ 
vestigate  porous  bodies  made  by  the  aeration  of  aqueous  suspensions 
of  inorganic  materials. 

Initially,  Metzger's  studies  were  directed  to  the  develop¬ 
ment  of  porous  ceramics  of  dielectric  constants  ranging  from  1*4.  to 
1.8  for  "A"  type  symmetrical  sandwich  structure  radomes.  Some  20 
monthly  and  quarterly  r sports  covering  this  phase  of  the  work,  lave 
been  summarized  by  two  final  reports  published  in  1952  and  1955  (27 ) 
(28).  A  third  report  summarizing  progress  in  the  development  of 
alkaline  earth  titanate  bodies  was  published  in  1957  (29).  Recent 
studies  describe  high  alumina  levigat9d  bodies  of  low  dielectric 
constants  and  exceptionally  high  flexural  strengths  (30).  While 
presently  suited  only  for  *A"  type  sandwich  constructions  with  im¬ 
pervious  ceramic  coatings  of  dielectric  constants  4  to  8,  it  is  ex¬ 
pected  that  the  controlled  addition  of  small  amounts  of  inorganic 
materials  to  these  formulations  will  increase  their  dielectric  con¬ 
stants  to  the  levels  required  for  half  wave  domes  of  variable  fine¬ 
ness  ratios  without  undue  sacrifice  in  their  resistance  to  thermal 
shock. 


TTaWmI.I  M  AMM 
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Table  VI  lists  the  starting  materials  and  resulting  foam 
body  compositions  of  two  typical  low  dielectric  constant  ceramic 
foams  (S~77  and  B-109)  and  four  calcium  titanate  formulations  (CT-3, 
CT-8,  CT-15  and  CT-16)  whose  dielectric  constants  varied  from  4  to 
12.  Pioneer  Georgia  Kaolin  was  used  in  B-77  and  Ball  Clay  in  B-109 
formulas. 


Each  of  the  components  listed  by  Table  VI  was  functional 
in  contributing  to  desirable  properties  of  the  aerated  slips  and 
the  end  product  properties  of  the  resulting  foams.  Plaster  of  Paris, 
for  examnle,  served  as  a  binder  and  stabilizer  for  the  lime-alumina- 
silica  systems  B-l  through  B~81,  and  as  a  source  of  calcium  oxide 
for  the  CT~  series  of  foams.  Initiallv,  CT-3  was  based  on  the 
starting  formulation  CaTi03,39/Ti02, 5/Kaolin, 25/alitmina, 9/plaster, 22 
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until  it  was  found  that  calcium  aluminate  formed  by  metathesis  re¬ 
actions  during  firing  accomplished  the  same  result.  Pioneer  Georgia 
Kaolin  likewise  was  functional  in  these  and  other  formulas  by  acting 
as  a  plasticizer  in  easing  the  flow  of  aerated  mixes,  increasing  the 
green  strengths  of  dried  forms,  and  in  providing  aluminum  silicate 
fluxes  for  accelerating  solid  state  reactions  during  firing. 

Phase  rue  three  dimensional  equilibrium  diagrams  prepared 
by  thtf  Geophysical  Laboratory  were  utilized  in  selecting  desirable 
proportions  of  lime,  alumina,  and  silica  for  the  B-  series  porous 
ceramic  foams  with  dielectric  constants  varying  from  1,4  to  2.2, 

The  isoliquidun  boundary  lines  of  these  diagrams  also  were  helpful 
in  predicting  the  maturing  heats, ,  firing  range,  quantities  of  glass 
(Si02  phase),  and  the  kinds  and  amounts  of  different  crystalline 
compounds  formed. 

Unfortunately,  no  phase  equilibrium  diagrams  were  available 
for  the  CT-  series  of  foams;  hence  there  was  no  alternative  tc  the 
use  of  empirical,  methods  in  ascertaining  their  optimum  body  com- 
oositions. 


Prediction  of  Dielectric  Constants 


The  successful  use  of  all  categories  of  foams,  whether 
plastic  or  ceramic,  is  predicated  on  mathematical  relationships 
between  dielectric  constants  and  densities.  Several  years  ago, 
scientists  affiliated  with  the  MTT  Radiation  Laboratory  (31)  and 
the  Telecommunications  Research  Establishment  in  England  (32)  found 
that  the  dielectric  constants  of  organic  plastics  foams  could  be 
predicted  reliably  by  the  equation 


log  6^ 


(1) 


where  is  the  dielectric  constant  of  the  foam  relative  to  air 
(0 o  =  1*0008),  f  and  P  the  densities  of  the  foams  and  unexpanded 
plastics  of  the  same  composition,  and  %/&  the  relative  dielectric 
constants  of  the  unexpanded  plastic  component  of  the  foam. 


In  early  studies  of  the  B~  series  low  dielectric  constant 
foams,  Metzger  found  that  equation  1  gave  much  lower  values  of 
than  experimental  values.  The  linear  equation 

£+  =  1  +  k  p  ,  (2 ) 
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in  contrast,  gave  much  better  agreement  with  experimental  values 
when  k  was  cet  equal  to  0.02.  Bowovcr,  equation  2  gave  unreasonably 
high  calculated  values  of  for  calcium  and/or  strontium  titanate 
foams  whose  measured  values  were  4  to  25.  Proceeding  on  the  assump¬ 
tion  that  the  Glad stone-Dale  Index  for  glasses  was  valid  for  porous 
ceramics  of  comparatively  high  dielectric  constants,  Metzger  derived 
the  equation 

6^  =  (1  +  k  xp)2  (3) 

•  i 

for  predicting  relative  foam  dielectric  constants  from  density  deter¬ 
minations*  The  constant  k  in  this  equation  van  computed  from  the 
expression 


k 


(4) 


which  is  analogous  to  the  Gladstone-Dale  Index,  k,  for  glasses 

,  .  -GLi. 
ft 

since  ~  n2  by  electromagnetic  theory.  The  numerical  value  of  k 
in  equation  4  was  found  to  be  3.4523  with  a  standard  deviation  of 
±0.1462. 


Figure  9  shows  that,  several  measured  values  of  the  dielectric 
constants  of  calcium  and  strontium  titanate  foams  coincided  with  pre¬ 
dicted.  values  given  by  Curve  3  plot  of  equation  3«  In  this  regard, 
the  application  of  equations  3  and  4  to  foam3  of  known  density  has 
indicated  that  fairly  wide  variations  in  the  dielectric  constants  of 
corresponding  solid  CT-  ceramics  gave  substantially  the  same  cal¬ 
culated  values  of  6^-  for  the  levigated  bodies.  For  example, 
can  vary  from  4/,  tr  53  and  from  63  to  76  to  obtain  half  wave  core 
dielectrics  of  4*0  end  5.0,  respectively. 

Curve  A‘  of  Figure  9  likewise  3hows  good  agreement  with 
equation  2  calculated  values  in  the  low  range  (1.3  to  2.4)  of  di¬ 
electric  constants.  This  curve  has  been  extended  upwards  to  em¬ 
phasize  wide  differences  between  the  values  of  given  by  equa¬ 
tions  1  and  3.  Curve  C  plot  of  equation  1  has  been  included  to 
illustrate  the  marked  discrepancies  between  the  dielectric  constants 
and  densities  of  plastic  and  ceramic  foams. 
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Processing  Methods 

Metzger’s  1952  and  1955  sumnation  reports  for  the  B-  series 
foams  (27)  (28),  and  the  1957  report  for  the  CT-  series  (29),  give 
full  details  on  the  progressive  stages  of  processing,  comprising: 

(1)  preparation  of  aerated  slips,  (2)  forming  procedures,  (3)  firing 
schedules,  and  (4)  application  of  sealant  and  Impervious  glazed  coat¬ 
ings*  Meticulous  observance  of  these  instructions  is  required  to 
secure  light  weight  bodies  meeting  the  s tinplated  performance  char¬ 
acteristics* 

1.  Preparation  of  Aerated  Slips  -  A  three  speed  Hobart 
Planetary  Mixer  provided  with  a  12 -qt.  bowl  was  used  to  prepare  5  to 
10  lb.  batches  of  aqueous  suspensions.  Pry  mixes  of  the  various 
ingredients  were  first  blended  with  Style  B  flat  beater  before  adding 
43  to  52  parts  by  weight  of  water  containing  0.5  percent  Aresket  240 
(Monsanto’s  monobutyl  biphenyl  sodium  monosulfonate).  The  B~  series 

, .■formulations  required  49  to  52  percent  liquid  and  the  CT-  series  43 
to  49  percent  relative  to  the  total  weights  of  aqueous  suspensions. 
Aeration  was  accomplished  by  replacing  Style  B  beater  with  a  wire 
loop  blade,  and  by  operating  the  mixer  on  high  speed  until  the  volume 
^nd  viscosity  of  the  batch  simultaneously  increased  to  predetermined 
levels  corresponding  Lo  desired  porosities  in  the  final  products. 

Prior  to  casting  the  slip  into  molds  for  preparation  of 
the  green  foams,  one  or  more  deflocculents  similar  or  equal  to  sodium 
or  ammonium  alginate  and  carboxymethylcellulo3e  (CMC)  was  added,  and 
the  ph  adjusted  to  7.35-7.45  with  dilute  amonium  hydroxide.  Armac 
12 D  or  Armac  CD  cationic  surfactants  in  amount  equal  to  0.1  percent 
on  the  weight  of  the  water  were  substituted  advantageously  for  the 
anionic  surfactant,  Aresket  240,  in  several  of  the  CT-  formulations 
to  obtain  finer  pore  structure,  but  these  substitutions  were  usually 
accompanied  by  higher  green  form  firing  shrinkages. 

2.  forming  Procedures  -  Rectangular  specimens  were  made  by- 
casting  the  slips  into  wooden  frames  placed  on  glass  plates  covered 
with  wax  paper.  The  material  was  allowed  to  dry  for  16-24  hrs.  under 
controlled  temperatures  and  relative  humidities  until  no  further 
shrinkage  was  noted.  Conical  shapes  were  made  by  pouring  the  slip 
into  sheet  galvanized  molds  of  30  and  40  degrees  cone  angle.  Male 
galvanized  molds  of  the  same  cone  angle  were  then  lowered  into  the 
mix  to  produce  forms  approximately  7/8-in.  thick.  After  the  material 
has  sot,  the  inner  cone  was  removed  and  replaced  by  a  conical  copper 
screen  to  permit  rapid  evaporation  of  water.  Several  hours  later, 
the  outer  cone  was  taken  off  and  the  piece  allowed  to  dry  thoroughly. 
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The  largest  green  conical  form  made  in  this  way  had  a  base  diameter 
of  26-in.  and  altitude  of  30-ln,  The  linear  shrinkages  of  B-  series 
green  forms  obtained  by  this  technique  were  24-26  percent,  but  the 
CT-  series  developed  appreciably  higher  shrinkages  of  30-32  percent. 

3.  Firing  Schedules  -  The  preferred  firing  schedule  for 
most  of  the  81  Series  B-  lime/ alumina/ silica  foams  was  a  preliminary 
12  hr.  heat  soak  at  2200°F  to  remove  the  last  traces  of  sulfur  tri- 
oride  liberated  by  thermal  decomposition  of  the  plaster  of  peris  in¬ 
gredient.  Thereafter,  the  temperature  of  the  kiln  was  brought  up 
rapidly  to  2552°F  where  it  was  held  for  3  hr.  before  the  specimens 
were  allowed  to  cool.  Conical  forms  were  supported  in  an  octagon 
shaped  refractory  cone  and  fired  with  the ’apex  of  the  cone  placed 
downward. 


The  H107-B115,  inclusive,  high  alumina  bodies  (3)  were 
fired  at  much  higher  temperatures  of  2700-2800°F  to  realize  optimum 
strength.  The  CT-  bodies,  in  contract,  were  fired  at  a  considerably 
lower  temperature  range  of  2200-23 50°F.  The  upper  limit  of  this 
range  van  very  critical,  and  must  be  held  within  ±25°F  of  the  opti¬ 
mum  temperature. 

«  ' 

The  firing  shrinkage  of  the  B-  series  foams  was  27  to  29  percent. 
Still  higher  shrinkages  of  32  to  34  percent  were  recorded  for  the  CT- 
series  foams a  Clearly,  in  producing  radomee  of  specified  core  thick¬ 
ness,  the  thickness  of  newly  cast  slips  must  be  estimated  with  great 
accuracy  to  forestall  excessive  machining  of  inner  and  outer  surfaces 
of  the  conical  shapes  and  the  outer  surfaces  of  specimens  prepared 
for  physical  property  evaluation. 

4*  Application  of  Sealant  and  Ceramic  Glasu  -  Because  of 
their  high  porosity,  light  weight  bodies  made  by  the  aeration  process 
first  must  be  treated  with  appropriate  sealants  to  prevent  penetra¬ 
tion  of  the  glaze  into  the  foam  cores.  Preliminary  experiments  con¬ 
ducted  with  B-77  bar  stock  of  35  lb/cft  density  showed  that  a  non- 
aerated  slip  of  the  same  composition  could  be  applied  to  provide  an 
impervious  sealant  0.025-in.  thick.  The  firing  temperature  of  this 
unexpended  coating  was  2200°F.  Thereafter,  two  applications  of  a 
high  lime-boric  acid  glaze  were  made  in  separate  steps.  Maturing 
temperature  of  the  glaze  was  2030°F. 

The  sealant  and  glaze  coatings  gave  flexural  strength  in¬ 
crements  of  the  foamed  core  consistent  with  sandwich  theory.  The 
B-77  bar  stock  had  a  flexural  strength  of  372  psi.  A  single  applica¬ 
tion  of  sealant  raised  this  to  47 8  psi,  and  the  first  and  second  ap¬ 
plications  of  glaze  increased  the  strength  to  1222  and  1455  psi. 
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Figure  10  shows  a  B-77  foamed  cone  11-in.  high  and  3-in, 
base  diameter  sealed  and  glazed  by  this  procedure.  Eventually  stress 
cracks  developed  in  the  core  due  to  inequalities  in  the  thermal  con¬ 
ductivities  of  the  glazed  coating  and  core.  New  ceramic  finishes  and 
novel  methods  of  application  are  being  investigated  at  the  present 
time  to  equalize  the  coefficients  of  thermal  expansion  of  the  imper¬ 
vious  coating  and  the  foamed  core. 

Physical  Properties  of  Porous  C erami.es 

Tabulated  in  Table  VTT  are  numerical  data  on  the  mechanical, 
thermal,  and  electrical  properties  of  two  each  B-  and  CT-  light 
weight  ceramics  at  arbitrary  densities  given  in  parentheses. 

The  flexural  strengths  of  these  bodies  were  obtained  by 
.single  point  loading  of  6  x  l/2  x  l/4-in.  thick  specimens  mounted 
on  a  jig  with  a  4-in,  span.  The  tensile  machine  used  in  these  tests 
was  adjusted  to  a  loading  rate  of  0,25-in,  per  minute.  Moduli  of 
elasticity  in  flexure  were  calculated  from  the  slopes  of  the  load- 
deflection  curves  before  attaining  the  proportional  limit. 

Compressive  strength  data  were  based  on  3/4-in,  deformations 
of  2  x  2  x  1-in,  thick  specimens  subjected  to  the  same  loading  speed 
of  0.25-in,  per  minute.  These  tests  were  discontinued  when  a  review 
of  the  data  showed  that  the  crushing  strengths  were  2,5  to  4  times 
as  high  as  ultimate  strengths  in  flexure. 

linear  coefficients  of  thermal  expansion  and  porosities  were 
determined  in  accordance  with  ASTM  Designations  C210-46  and  C20-46. 
The  method  and  apparatus  described  by  watts  and  King  (33 )  was  used 
in  measuring  thermal  conductivities. 

Resistance  to  thermal  shock  was  determined  by  furnace  tests 
for  slow  rates  of  heating,  but  when  rapid  rates  of  heating  were  re¬ 
quired  to  simulate  high  burn-out  speeds  of  radar  guided  missiles  the 
induction  heating  version  of  carrying  out  the  electrothermal  test 
developed  by  Moore  (34)  was  used. 


Dielectric  constants  and  loss  tangents  at  X-band  microwave 
frequencies  were  determined  by  the  widely  used  shunted  waveguide 
method  (35). 

Table  VI J  data  show  that  the  CT-3  and  CT-16  bodies  have 
limited  usefulness  because  of  their  poor  resistance  to  thermal  shock. 
In  o fber  respects,  these  foams  were  satisfactory.  The  two  CT-  foams 
not  listed,  CT-8  and  CT-15,  had  flexural  strengths  of  1057  and  818 
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0.002(35  lb)  <  0.005(50  lb)  <  0.005(^5  lb)  <  0.003(32  lb) 


Moore 


psi,  dielectric  constants  of  6.6  and  11.3,  and  lose  tangents  lose 
than  0.005  at  density  levels  of  57  and  52  lo/cft,  respectively. 

Smyth  has  pointed  out  that  the  resistance  to  thermal  shock 
of  porous  ceramics  is  a  composite  function  of  their  mechanical 
strengths,  moduli  of  elasticity,  thermal  conductivities,  and  thermal 
coefficients  of  expansion  (36 )s  Sandwich  structure  ceramic  dielectrics 
offer  a  better  prognosis  for  rademe  installations  on  supersonic  air¬ 
craft  and  missiles  than  solid  wall  types,  since  their  coefficients 
of  thermal  expansion  and  elastic  constants  are  significantly  lower 
and  their  thermal  conductivities  are  not  appreciably  higher  than 
values  recorded  for  solid  ceramics. 
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AND  RE-PT'T7RY  HEAT  SHIELDS 


H.  A.  Perry 

I.  Silver 

F.  A.  Mihalow 
H.  C.  Anderson 

0.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Silver  Spring,  Maryland 


INTRODUCTION 

Reinforced  plastics  are  currently  under  intensive  develop¬ 
ment  for  use  in  the  construction  of  rocket  motors  and  re-entry  heat 
shields.  This  work  is  underway  because  of  the  outstanding  thermal 
insulating  properties  of  reinforced  plastics,  their  low  density  and 
their  great  resistance  to  erosion  during  exposure  to  hot,  moving 
gases.  Because  of  these  properties,  reinforced  plastics  have  been 
found  to  provide  such  excellent  temporary,  lightweight  protection 
for  heat-sensitive  structures,  and  to  ablate  or  erode  away  so  slowly, 
that  it  becomes  practical  to  employ  them  as  liners  for  rocket  motors 
and  rocket  nozzles  and  as  protective  overlays  on  re-entry  bodies. 

In  191j3j  the  Naval  Ordnance  Laboratory  undertook  the 
development  of  reinforced  plastics  cartridge  cases  and  reinforced 
plastics  rocket  motor  casings  with  the  goal  of  eliminating  excess 
weight  from  these  ordnance  components.  At  that  time  it  was  observed 
that  reinforced  plastics  are  very  resistant  to  decomposition  by 
flames,  provided  that  the  time  of  exposure  is  short.  It  was  also 
observed  that  these  materials  provide  good  thermal  insulation  and 
that  the  weight  of  structures  required  to  survive  temporary  exposure 
to  hot  gases  is  much  less  than  the  weight  required  by  similar 
structures  constructed  of  steel,  brass  or  aluminum.  As  a  result 
of  this  investigation,  reinforced  plastics  cartridge  cases  were 
developed  for  ,  6”  and  8M  Naval  guns  which  performed  satisfactori¬ 
ly  and  weighed  less  than  the  corresponding  brass  case3.  Also,  as 
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a  result  of  this  work,  a  satisfactory  reinforced  plastic  motor  casing 
was  developed  for  a  small-caliber  solid-propeilant  rocket  which  was 
lighter  than  the  equivalent  aluminum  casing*  Further,  under  a  task 
assignment  from  the  Office  of  Chief  of  Ordnance,  a  reinforced  plastic 
cartridge  case  was  developed  for  the  105  mn  Howitzer  which  performs 
satisfactorily  under  all  service  conditions  and  weighs  much  less  than 
the  corresponding  brass  or  steel  case.  Many  similar  applications  have 
been  found  for  reinforced  plastics  in  JATO  units  and  in  larger  air- air 
and  ground-air  rockets. 

In  all  these  applications  the  reinforced  plastics  not  only 
present  an  erosion- resistant  surface,  but  also  function  structurally. 
Because  of  their  self-insulating  properties  the  materials  protect 
themselves  against  gross  deterioration  and  mechanical  weakening  during 
short  periods  of  exposure  of  flames. 

With  the  inception  of  major  programs  for  the  development  of 
large-caliber  so  lid -propellant  rockets  such  as  POLARTS  arid  MINUTFMAN 
the  engineering  problems  involved  in  the  exploitation  of  the  favorable 
properties  of  reinforced  plastics  to  resist  contact  with  moving  flames 
has  increased  greatly  in  severity.  It  became  imperative  to  increase 
the  chamber  pressures,  the  combustion  temperatures  and  the  burning 
times  in  order  that  the  total  impulse  of  the  rocket  could  be  made  to 
meet  operational  requirements.  In  attaining  higher  specific  impulses 
it  became  necessary  to  employ  novel  solid-propellants,  some  of  which 
discharge  abrasive  materials  in  their  exhaust.  For  the  same  reasons 
it  is  also  imperative  that  dimensional  changes,  altnough  permitted, 
be  kept  at  a  minimum  and  that  structural  weight  also  be  kept  at  a 
minimum*  The  reinforced  plastics  which  were  adequate  in  the  older 
rockets  are  nov  deemed  inadeauate  for  use  in  these  advanced  rocket 
systems. 


With  the  advent  of  the  ballistic  missile  re-entry  body  and 
the  concept  of  a  space-flight  recovery  vehicle  it  was  a  rather  obvious 
step  to  consider  the  use  of  reinforced  plastics  in  the  construction 
of  heat  shields  for  these  devices.  The  total  heat-pulse  to  be  en¬ 
dured  by  a  heat  shield  in  some  cases  may  not  exceed  the  heat- pulse  to 
be  endured  by  a  rocket  motor  lining.  However,  the  heat-source  temper¬ 
atures  in  an  aerodynamic  boundary  layer  may  greatly  exceed  any  known 
flame  tempei-ature  and  the  gas  in  contact  with  the  surface  contains  an 
excess  of  oxygen,  which  latter  condition  is  in  contrast  with  the  con¬ 
ditions  in  a  flame,  most  of  which  contain  les3  than  a  stoichiometric 
amount  of  oxygen.  A  comparison  of  the  various  conditions  to  which  a 
reinforced  plastic  may  be  exposed  is  present  in  Figure  1.  A  rein¬ 
forced  plastic  which  is  adequate  for  use  in  a  rocket  may  not  be  suited 
for  atmospheric  re-entry. 
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Since  the  survival  of  a  man*  or  a  weapon,  will  rm  the 

vehicle  during  acceleration  and  re-entry,  l  W  is  ijHpU  native  that  the 
performance  of  the  rocket  and  heat  shield,  and  the  materials  of  which 
they  may  be  constructed,  be  known  with  a  high  degree  of  confidence* 

Methods  for  testing  materials  for  their  resistance  to  contact 
with  very  hot  gases  have  been  found  to  be  very  costly,  particularly 
when  it  becomes  necessary  to  provide  close  simulation  of  actual  flight 
conditions*  Figure  2  presents  curves  showing  the  variation  of  tempera¬ 
ture  of  air  at  the  stagnation  point  of  a  flight  vehicle  and  shows  the 
positions  occupied  by  various  types  of  test  facilities  in  the  field  of 
temperature  and  Mach  Number.  In  general,  the  devices  to  the  left  are 
relatively  inexpensive  to  build  and  operate  whereas  the  devices  to  the 
right  become  increasingly  expensive,  and  an  arc-heated  tunnel  capable 
of  simulating  the  aerothermodyn&mic  conditions  at  higher  Mach  Numbers 
will  consume  enormous  amounts  of  electric  power*  Another  limitation 
not  covered  in  Figure  2  is  the  Reynolds  Number  which  must  also  be 
simulated  if  true  shear  stresses  and  heat-transfer  coefficients  are 
also  to  be  of  the  right  order  of  magnitude* 

Reinforced  plastics  constitute  a  broad  class  of  composite 
materials  consisting  of  a  thermoplastic  or  thermosetting  resin  matrix 
containing  fibrous  reinforcements,  which  fibers  may  be  either 
polymeric  or  ceramic  in  chemical  composition*  Typical  combinations 
include:  Phenolic-fiberglass  laminates.  Teflon-fibers ilica  laminates 
and  rhenoiic-nylcncloth  laminates*  In  some  combinations  of  resin 
matrix  and  fiber  it  has  been  found  advantageous  to  add  a  third  com¬ 
ponent  in  the  form  of  a  powdered  filler,  the  function  of  which  is  to 
absorb  thermal  energy,  or  to  convert  the  other  components  into  a  more 
heat-resistant  substance,  or  both*  These  newer  forms  of  reinforced 
plastics  show  greatly  improved  resistance  to  hot,  moving  gases  and 
offer  considerable  promise  for  tue  solution  of  current  problems  in  the 
construction  of  large-caliber  rockets  and  re-entry  heat  shields. 

Considering  the  very  great  number  of  possible  combinations 
of  resins,  fiber  and  fillers,  and  considering  the  tremendous  expense 
and  lead-time  involved  in  screening,  testing  and  obtaining  reliable 
engineering  data  on  these  possible  combinations,  it  becomes  very 
important  that  means  be  found  for  reducing  the  amount  of  testing  re¬ 
quired  for  intelligent  research  and  development  in  this  field*  One 
way  to  facilitate  the  work  would  be  to  develop  theories  linking  the 
chemical  and  physical  properties  of  the  materials  with  their  behavior 
in  contact  with  hot  gases.  The  purpose  of  this  paper  is  to  discuss 
the  current  status  of  ablation  theory,  to  discuss  a  mathematical 
theory  for  pyrolytic  ablation  and  to  discuss  new  test  methods  for 
obtaining  the  data  required  for  the  calculation  of  ablation  rates  and 
temperature  profiles  in  ablating  materials* 
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Status  of  Ablation  Theory 


Ablation  in  this  context  may  be  defined  as  the  loss  or 
removal  of  matter  from  a  solid  surface,  due  in  part  to  the  action  of 
heat.  The  physical  and  chemical  effects  involved  in  ablation  are 
shown  in  Figure  3*  The  theory  of  melting  ablation  is  now  under  de¬ 
velopment  covering  the  behavior  of  surface  consisting  entirely  of  a 

s  12 chi  f*ZwS2  cr 


4 />»>%  (  "1  ^  aV>4* 

^  U  V  VVM  \  J 


numerical  solutions  for  pyrex  and  was  restricted  to  the  case  of  no 
vaporization.  He  pointed  out  the  important  influence  of  viscosity 
on  the  surface  temperature.  The  higher  the  viscosity  the  higher  the 
surface  temperature.  Bethe  and  Adams  (2)  extended  the  theory  to 
include  partial  vaporization  of  tile  molten  surface.  They  shoved  that 
the  viscosity  has  an  equally  important  effect  on  the  energy  absorbed 
by  vaporization,  namely  as  the  viscosity  is  increased  so  is  the 
fraction  of  ablated  material  which  vaporizes. 


The  instability  of  molten  layers  on  ablating  bodies  and 
their  tendency  to  move  by  wave  action  has  been  investigated  by 
Feldman  (3)* 

The  effect  of  gas  injection  by  a  surface  into  an  aero¬ 
dynamic  boundary  layer  has  been  described  by  Low  (h)  who  considered 
a  homogeneous  layer  and  illustrated  that  both  the  stress  and  the 
heat- transfer  at  the  surface  are  decreased  simultaneously.  A  con¬ 
siderable  amount  of  attention  has  been  focused  on  this  effect  and  tne 
field  of  mass- transfer  cooling  is  being  explored  extensively  (5)* 
Also,  means  have  been  developed  for  coupling  a  molten  vaporizing 
surface  to  an  aerodynamics  boundary  layer  in  the  mathematical  theory 
of  ablation  (?•).*  (£)• 


The  other  physical  effects  of  spalling,  sloughing  and 
mecnanical  erosion  are  described  extensively  elsewhere  in  the  liter¬ 
ature  and  are  not  of  particular  interest  here. 


The  ablation  of  a  reinforced  plastic  surface  involves  the 
melting  of  ceramic  fibers,  if  any,  the  vaporization  of  molten 
ceramics,  if  any,  the  pyrolysis  of  the  resins  in  the  matrix  and,  in 
some  cases,  the  melting  and  pyrolysis  of  polymeric  fibers.  Since  the 
go.ses  evolved  will  disrupt  any  molten  layers  when  they  emerge  from 
the  ablating  surface,  and  since  the  gases  evolved  will  have  an  effect 
on  the  heat  transfer  characteristics  of  an  aerodynamic  boundary  layer, 
and  since  polymers  will  absorb  substantial  quantities  of  thermal 
energy  during  the  chemical  reactions  and  phase  charges  involved  in 
their  pyrolysis,  it  is  of  interest  to  consider  the  energy- transfer 
and  mass-transfer  balances  wl&ch  may  be  established  in  an  ablating 
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surface  and  to  develop  mathematical  means  for  including  pyrolytic 
effects  in  the  foregoing  theories  of  ablation, 

General  Chemical  Behavior  during  Ablation 


Up  to  this  point,  the  paper  has  discussed  the  physical 
aspect  2  of  ablation.  Another  aspect  of  the  problem  is  the  relation¬ 
ship  between  the  chemical  composition  and  molecular  structure  of  a 
resin  and  its  ablation  resistance.  From  available  information  on  the 
thermal  degradation  of  resins  and  the  conversion  of  organic  matter  tc 
carbon  residues,  certain  general  concepts  regardin  g  these  rciai uion* 
ships  can  be  postulated. 


The  thermal  flux  attained  in  re-entry  and  rocket  exhausts 
is  generally  sufficient  to  decompose  all  organic  matter.  However, 
within  the  relatively  short  periods  of  exposure  to  intense  heat, 
large  differences  in  ablation  rates  are  found  to  occur  with  various 
resin  systems.  Although  these  differences,  in  part,  are  attributable 
to  the  presence  of  reinforcement  and  filler,  the  chemistry  of  the 
resin  is  believed  to  play  a  major  role  in  affecting  the  ablation  rate. 


*  The  subject  of  thermal  degradation  of  resins  has  been 

treated  by  several  investigators  (6),  (7),  (8).  Much  of  what  has 
been  found  can  be  used  as  a  basis  for  understanding  the  pyrolytic 
behavior  of  resins  in  ablation.  In  ablation,  the  specimen  is  sub¬ 
jected  to  high  heating  rates  on  the  outside  surface.  At  any  one 
time,  the  specimen  is  undergoing  varying  degrees  of  decomposition 
depending  on  the  rate  of  heating,  time  of  exposure;  and  distance  from 
the  surface.  Under  these  conditions,  it  would  be  difficult,  within 
the  present  state  of  knowledge,  to  prescribe  a  definitive  mechanism 
to  cover  the  multitude  of  possible  reactions.  In  addition  to  the 
expenditure  of  energy  in  dissociation  of  the  resin,  oxidation  effects 
at  the  surface  complicate  the  energy  balance  by  the  exotherm  of  the 
combustion  process. 


It  has  been  shown  that  thermoplastics  vary  in  their  thermal 
behavior  depending  upon  their  particular  chemical  composition  and 
their  tendency  to  cross-linking  on  heating.  Certain  resins,  such 
as  polymethylmethacrylate,  decompose  in  vacuo  wholly  to  volatiles 
comprised  essentially  of  the  monomer  with  scission  occurring  at  the 
ends  of  the  molecular  chain.  At  the  other  extreme,  polyethylene 
decomposes  to  volatiles,  of  which  only  about  3$  is  monomer  and  the 
rest  fragments  with  an  average  molecular  weight  of  700.  Scission 
appears  to  be  a  random  process  here.  Polystyrene  and  polyi so butylene 
yield  intermediate  amounts  of  monomer  indicating  degradation  by  both 
random  and  chain-end  scission  (9).  Vinyl  chloride  resins  behave 
differently  depending  on  the  number  of  chlorines  present  in  the 
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structure.  Polyvinyl  chloride,  heated  to  above  !jOO°nJ  returns  only 
15*  of  the  original  carbon  in  the  original  sample:  polyvinylidene 
chloride,  on  the  other  hand,  converts  quantitatively  to  carbon  (6). 

The  high  dissociation  energy  of  the  C-F  bond  (107  K-cal/mol) 
makes  fluorinated  resins  attractive  for  their  thermal  resistance* 

Under  ablating  conditions,  it  is  doubtful  that  the  endothermic 
potentialities  of  this  class  of  resins  are  fully  realized*  Since 
the  C-C  bond  is  (62  K-cal/mol)  is  weaker  than  the  C-F  bond,  degra¬ 
dation  in  Teflon  occurs  at  the  C-C  bond  with  the  formation  of  the 
tetrafluoroethylsne  monomer  in  a  molecular  chain-end  type  of 
scission*  Very  little  of  the  C-F  dissociation  may  actually  occur  if 
the  volatile  products  are  swept  away*  by  the  gas  stream  to  cooler 
areas.  If  the  C-F  bond  could  be  contained  at  or  near  the  heated 
surface.  Teflon  as  an  ablating,  material  would  be  more  effective. 
Polyvinylidene  fluoride,  containing  two  fluorines  to  Teflon's  four, 
yields  a  coke  deposit  close  to  100^  of  the  original  carbon  content. 

By  a  process  of  dehydrohaloge nation ,  six  membered  carbon  cyclic 
adducts  are  formed  by  a  Diels-Alder  addition  across  double  bonds. 
Further  dehydrohalogenation- condensation  sequences  lead  to  bridged 
hexagon  carbon  ring  systems. 

The  ease  of  forming  carbon  residues  can  be  controlled  to  a 
considerable  extent  by  the  cross-linking  properties  of  the  resin  (7)* 
It  has  been  shown  that  by  introducing  di vinyl  and  tri vinyl  benzene 
into  polystyrene,  that  the  added  cross-linking  retards  depolymeri¬ 
zation,  produces  dark  colored  polymer  residues  of  increased  thermal 
stability  and  gives  up  to  about  a  carbonaceous  residue  (6).  3y 
preoxidizing  the  cross-linked  styrenes  (8),  conversion  to  carbon  is 
sharply  increased  to  over  $0%  of  the  original  carbon  content.  The 
degradation  mechanism  involves  the  oxidation  and  splitting  off  of 
aliphatic  segments  on  the  structure  and  the  condensation  at  the  re¬ 
active  sites  to  form  additional  cyclic  compounds.  On  further  heating, 
by  a  process  of  dehydrogenation  and  loss  of  carbon  oxides,  a 
structure  of  highly  cross-linked  polyphenyl  results,  which  is  the 
basis  for  the  hexagonal  graphitic  crystallites  in  carbon  residues. 

Tt  is  thus  apparent  that  not  only  the  chemical  composition 
bit  the  structural  characteristics  of  the  resin  are  important  aspects 
of  the  problem.  If  the  presence  of  an  aromatic  structure,  oxygen 
and  high  cross-linking  density  are  characteristics  of  a  high  carbon 
residue  formation,  then  one  would  expect  phenolic  resins  to  be  high 
carbon  formers.  Laboratory  data  show  that  some  resins  heated  in  air 
rive  residues  close  to  100^  of  theoretical*  On  the  basis  that  high 
carbon  formers  arc  desirable  materials  for  ablation  applications, 
then  one  would  expect  phenolics  to  show  a  high  degree  of  ablation 
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resistance*  Laboratory  and  rocket  motor  tests  confirm  this 
expectation  (10). 


Phenolic  resins  vary  in  structure  with  type  of  phenol, 
phen ol- to- formaldehyde- rat io  ,  catalyst,  and  curing  conditions.  Long 
chain  compounds  with  little  cross-linking  occur  where  certain  phenols 
are  sterically  hindered,  preventing  substitution  in  all  three  active 
positions  (11).  In  such  cases,  one  would  expect  these  long  chain 
segments  to  break-off  with  the  formation  of  volatiles.  It  would  be 
desirable  to  eliminate  such  chain  formations  »ind  attain  the  maximum 
degree  of  cross-linking.  For  example,  it  has  been  shown  that  the 
coke-like  residues  from  phenolic  resins  can  bo  increased  in  yield  by 
employing  higher  concentrations  of  formaldehyde  (11). 


fillers . 


In  practice,  phenolic  resins  are  generally  compounded  with 

«•<  ''*11  —  _  _  j  a  ^  ^  n  1  -i  m  *«  ^ V>  / 
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•thermal  stability  of  the  resin.  Evidence  is  available  to  show  that 
the  addition  of  small  concentrations  (1J )  of  various  inorganic 
chemicals  to  sugar  resulted  in  close  to  theoretical  yield  of  carbon 
residue  (7).  Similar  effects  probably  will,  occur  in  other  resin 
systems,  particularly  in  those  oxygenated  resins  in  which  the  elimi¬ 
nation  of  water  can  increase  the  effective  cross-linking  density. 


Although  the  cooling  effect  of  volatiles  or  gases  emanating 
from  the  resin  may  be  useful  in  minimizing  the  effects  of  ablat4  on, 
in  practice,  the  generation  of  such  gases  under  certain  conditions 
may  have  disastrous  effects.  At  some  point  behind  the  surface  of  the 
resin,  the  sudden  temperature  rise  may  cause  the  destructive  distil¬ 
lation  of  volatiles.  If  generated  in  force,  these  volatiles  can  be 
forcibly  ejected  with  the  formation  of  voids  and  sudden  loss  of 
surface  materials.  For  this  reason,  molecular  structures  which 
minimize  the  formations  of  volatiles  and  favor  a  high  degree  of  cross- 
linking  with  attendant  high  carbon  formation  appear  to  be  more 
desirable. 


As  previously  stated,  the  higher  thermal  fluxes  generally 
result  in  a  decreasing  ablation  rate  per  heat  input.  At  the  extreme 
conditions  in  which  gas  temperatures  of  over  5(XX)°K  are  attained, 
dissociation  of  gases  into  atomic  and  ionic  species  can  occur  with 
the  absorption  of  considerable  amounts  of  energy.  Such  a  condition 
would  prevail  if  the  heating  rate  was  sufficiently  fast  and  tempera¬ 
tures  sufficiently  high  so  that  dissociation  occurred  at  the  surface 
or  In  the  boundary  layers  before  the  decomposition  products  from  the 
resin  escaped  into  the  gas  stream.  Orundfest  and  Shenker  (11)  have 
shown  that  an  all-organic  resin  system,  such  as  nylon  fiber  reinforced 
phenolic  capable  of  generating  relatively  higher  amounts  of  N2  and 
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\\2t  actually  outperform  the  glass  reinforced  phenolic  at  the  higher 
temperature  regimes# 

Certain  general  degradation  effects  can  be  anticipated  in 
resins  at  different  temperatures  (13)*  Below  600°C,  molecular  re¬ 
actions  occur  in  which  are  liberated  volatiles  consisting  of  water, 
hydrocarbons,  oxygenated  compounds  and  hydrogen,  and  3n  tne  case  of 
nitrogenous  resins  MH-j  -.nd  Mg#  The  solid  residue  remajnirig  is  es¬ 
sentially  a  carbon  skeleton  to  which  are  bound  H2,  O2  and  Ng*  Above 
600°C,  chendcal  rearrangements  occur  in  the  solid  residue  with  the 
elimination  of  additional  gases,  non- condensable  in  nature  such  as 
CO ,  H2  and  tl2«  For  example,  (Ui),  melamine  formaldehyde  resin  heated 
to  500 °C  forms  a  product  which  contains  about  h2%  nitrogen.  Heated 
to  1000°C,  the  nitrogen  content  is  reduced  to  0.1$,  At  temperatures 
above  1000°C,  changes  continue  to  occur  in  the  carbon  structure  which 
form  the  basis  of  a  graphitic  or  amorphc*-s  residue.  Hydrogen  continues 
to  be  evolved  at  temperatures  greatly  in  excess  of  1000°C. 

For  ablation  purposes,  the  physical  characteristics  of  the 
carbon  residue  are  expected  to  have  important  effects.  Carbon 
residues ,  which  are  structurally  weak  and  contain  high  internal 
stresses,  may,  particularly  on  rapid  heating,  disintegrate  into  a 
powder  (8)  and  be  carried  away  in  the  gas  stream.  The  carbon  must 
be  capable  of  serving  as  a  refractory  matrix  for  the  fiber  rein¬ 
forcement  and  other  endothermic  fillers  and,  in  addition,  absorb 
large  amounts  of  heat  by  virtue  of  its  high  sublimation  temperature 
(about  3£00°C)  and  heat  of  sublimation  (170  K-cal/g.  atom)  (15). 

In  order  to  understand  those  factors  which  determine  the 
physical  structure  of  carton,  it  would  be  advantageous  to  review  the 
results  of  investigations  of  coke  and  graphitic  materials.  Graphite 
is  a  crystalline  material  with  a  weakly  cross-linked  hexagonal  carbon 
structure  'tdiich  is  formed  synthetically  by  the  thermal  treatment  of 
cokes.  In  this  treatment,  chemical  and  physical  reactions  occur  which 
permit  the  suitable  development  of  the  crystalline  structure.  Under 
very  fast  rates  of  heating,  the  development  of  the  graphitic  crystal— 
ljne  structure  does  not  appear  to  occur  easily.  In  addition,  non- 
graphitic  carbons  are  also  formed  from  organic  materials  having  com¬ 
paratively  little  hydrogen  or  much  oxygen.  On  heating,  there  develops, 
at  relatively  low  temperatures,  a  high  cross-linked  network  which 
essentially  iimiobilizes  the  structure.  Isolated  graphitic-like 
crystallites  are  formed,  but  they  are  held  apart  and  in  random 
orientation  by  the  cross-links.  These  carbons  are  characterized  by  a 
fine-structured  porosity  varying  from  20  to  $0%  and  having  diameters 
in  the  order  of  tens  of  Angstroms  snd  are  extremely  hard  and  strong  in 
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contrast  to  graphite.  Further  heat  ireatmnnt  up  to  3000°C  does  not 
effectively  change  this  structure.  Organic  materials  having  a  high 
fraction  of  hydrogen,  ouch  as  pitch  or  pctrcleujn  ceke;  produce 
crystalline  nuclei  which  remain  relatively  mobile.  On  further  heat¬ 
ing,  these  crystallites  are  favorably  oriented  and  a  graphitic  carbon 
is  formed  with  maximum  density  and  a  small  number  of  pores. 

From  the  above,  resins  such  as  phenolic  or  epoxy  can  be 
expected  to  give  amorphous  carbon  residues.  What  is  not  known  is  how 
the  pertinent  characteristics  of  those  residues  vary  with  resin 
composition  and  their  effect  on  the  ablation  rate. 

It  is  apparent,  however,  that  ablating  rosins  should  be 
highly  cross-linked,  capable  of  conversion  to  high  carbon  residues 
with  the  minimum  formation  of  volatiles  and  composed  of  chemical 
bonds  having  high  heats  of  dissociation.  At  the  extreme  thermal 
fluxes  and  temperatures,  resin  systems  capable  of  yielding  relatively 
higher  portions  of  N2  and  H2  with  their  subsequent  dissociation 
into  atomic  and  ionic  species  would  appear  to  be  more  advantageous. 

Heat-Transfer  in  a  Pyrolyzing  Surface 

The  process  of  ablation  of  a  decomposable  surface  under 
heat,  wind  and  accelerations  passes  through  three  phases:  an 
initiation  phase,  a  terminal  phase,  and,  in  some  cases,  a  steady- 
state  phase. 

The  conditions  for  steady-state  ablation  are  as  follows: 
a  constant  heat  input  to  the  surface  over  a  period  of  time,  which 
is  large  with  respect  to  the  response  time  in  the  initiation  phase; 
a  relatively  homogeneous  material;  a  thickness  of  material  large  with 
respect  to  the  thickness  of  the  ablation  zone  at  the  ablation  rate 
involved;  and  a  one- dimens ional  heat-flux. 

Under  steady-state  conditions  the  surface  recedes  at  a 
constant  velocity  when  the  velocity  is  measured  in  the  coord inate 
system  of  the  structure.  This  coordinate  system  is  important  for 
engineering  purposes,  say  for  the  design  and  prediction  of  per¬ 
formance  of  a  rocket  nozzle  or  of  a  re-entry  body,  since  by  inte¬ 
gration  of  the  ablation  rate  the  progressive  dimensional  changes  of 
the  device  can  be  calculated  as  a  function  of  time.  However,  the 
use  of  this  coordinate  system  in  the  analysis  of  ablation  phenomena 
presents  a  number  of  formidable  difficulties.  Instead,  it  is  con¬ 
venient  to  fix  the  coordinates  on  the  ablating  surface  (x,  y,  z)» 
where  in  the  ablation  rate  (£)  now  appears  as  the  velocity  of  H 
material  toward  x  =  0. 


76 


Perry 


in  ablation  coordinates  (x,  yr  z) ^  under  steady-state: 

a.  The  rate  of  mass- transfer  +oward  x  =  0  is  a 
constant  throughout  the  semi-infinite  body  in  compliance  with  the 
law  of  conservation  of  matter* 

b«  The  energy  entering  any  given  zone  in  the  surface 
is  equal  to  the  energy  leaving  that  zone  in  compliance  with  the  law 
of  conservation  of  energy. 

The  following  phenomena  are  invariant  with  time:  heat- flux,  tempera¬ 
tures,  material  properties,  reaction  rates,  gas  velocities,  and 
pressures* 

Those  phenomena  may  be  variable  in  (x),  the  distance  from 
the  ablating  surface  In  the  body,  ar.d  also  in  terms  of  (x) ,  uhe  mass- 
transfer  velocity* 

Let  us  consider  a  cubical  element  (dx,  dy,  dz)  at  depth 
(x)  in  the  ablating  -zone,  as  shown  in  Figure  3»  In  accordance  with 
the  law  of  conservation  of  matter,  the  rate  of  mass- transfer  through 
the  element  (dx,  dy,  dz)  is  a  constant  under  steady  state. 

®  =0  (1) 
dx 

where  (M)  is  the  weight  of  matter  and 


®0  </»  )  is  the  original  density  of  the  laminate. 

In  accordance  with  the  law  of  conservation  of  energy,  the  sum  of  the 
energies  in  all  forms  entering  and  leaving  the  element  (dx,  dy,  dz) 
must  also  be  equal  to  zero.  Thus: 


?,»  +  E-,r  +  J(E/* 


■f-r ) 
C/Vout 


(?) 


where 


q  =  heat  energy  (calorics  or  British  thermal  units). 


d 
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=  Internal  energy  of  matter  including  vibrational 
energies  and  energies  of  formation  of  molecules 
(cal.  or  BTU). 

Ef  =  flow- work  energy  (PV). 

E)<  =  kinetic  energy  (l/2  mv^). 

=  notpn+.lal  mechanical  Bnerpv  (enervv  stored  bv  virtue 

**  U  i  *  *  *  '  »  1/ v  ** 

of  the  relative  vertical  elevation  above  a  horizontal 
reference  plane). 

J  =  Joule’s  mechanical  Equivalent  of  heat. 

However,  in  the  distance  (dx): 

-*  =  d%/d* 

Ein  — 

Therefore: 


To  render  this  equation  compatible  with  aerodynamic  heat- 
transfer  theory  and  with  Equation  (1),  it  is  necessary  and  proper 
to  differentiate  Eouation  (3)  with  respect  to  time.  The.”. 


where  (q)  and  the  terms  JE  have  the  dimensions  of  power  (one  BTU/sec 
=  775  f t— Ibs/sec  —  1.06  kilowatts  =  1.06  x  10—  ergs/s econd  =  ie?;X 
horsepower).  Equation  (h)  states  that  the  sum  of  the  rates  of  change 
of  power  with  respect  to  (x)  equals  zero.  Since  none  of  these  deriva¬ 
tives  are  measurable  directly,  it  is  necessary  to  expand  the  terms 
using  measurable  quantities. 


q  -  Heat-Transfer  Rate.  The  rate  of  heat  conduction 
through  a  solid,  liquid  or  gas  is  eoual  to  the  thermal  conductivity 
(K)  of  the  material  times  the  temperature  gradient  (dT/dx)  in  the 
materiel: 
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Qx  =  ^x 


J- 

(^k)x' 

Since  the  thermal  conductivity  (k)  can  be  a  variable  in  (x),  and 
differentiating  vdth  respect  to  (x): 

Je 


is.  - 


olx 


K 


,s,r 

*  i? 


-f 


di 

d* 


<g/»7 

CfX 


(5) 


E  -Internal  Energy  Transfer  Rate.  The  rate  of  transfer 
of  energy  as  internal  energy  of  matter  is  equal  to  the  sum  of  the 
rates  of  transfer  via  sensible  heat  and  via  the  heats  of  formation 
of'  the  molecules:  A 


E* 


CST*  +> 


P  •  yh  • 

r  r  f  a. 

r  IT 


viio  re 


mg  =  mass- transfer  rate  of  solids. 

mi  =  mass- transfer  rate  of  the  jth  molecular  species. 
cs  =  specific  heat  of  solids. 

Ei  =  heat  of  formation  of  the  jth  molecular  species. 


Tx  =  temperature  of  the  solids. 

The  sensible  heat  of  the  rases  is  not  included  in  this  term,  tut  it  is 
taken  account  in  the  (PV)  flow- work  term.  Differentiating  with 
respect  to  (x) 


15*  =,  ncsTy  (' 

olx  *  VVs 


Jrh, 


I  dc. 


c/m 


cl  X  Cs  dx  U  d*y 


/lit  <4k 


V  (6) 


This  term  will  show  significant  changes  in  zones  of  thermal  decompo¬ 
sition,  melting  and  vaporization, 

Ep  -  Potential  Energy  Transfer  Rate.  Since  the  differences 
in  elevation  within  an  ablation  zone  aro  small,  it  is  assumed  that: 


# 
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Ef  *  Flow-Work  Rate.  The  net  work  donG  by  a  unit  mass  of 

gas  on  the  surroundings  in  expanding  from  P^  to  P£  is  riven  by 
^/3 V  P|  Vj  ,  The  work  done  in  expanding  along  a  path' with 
length  (dx)  is  ek  For  a  non- ideal  gas, PV~CnRT 

where  (C)  is  a  compressibility  factor  varying  about  unity  depend! 
weakly  on  pressure,  and  (n)  is  the  number  of  moles  occupying  volume 
(V)#  Considering  one  mole,  (n  =1),  P7  -  CRT.  Then  the  work  perform- 
ed  in  expanding  (n)  moiog  per  second  past  (dx)  is 


dtx  dfrtCRT )  ^  a  ditiT) 

dx  “  dx  ”  C  ■  dx 


or 


Here 


m 


(8) 


E^  -  Kinetic  Mechanical  Energy  Transfer  Rate*  The  kinetic 

energy  involved  in  the  transfer  of  matter  through  (dx)  is  eoual  to 
the  sum  of  the  kinetic  energy  of  the  moving  solids  and  the  kinetic 
energy  of  the  moving  gases#  Since  the  solids  are  moving  very  slowly, 
it  is  reasonable  to  ignore  this  factor#  The  moving  gases  with 
velocity  (Ug)  have  the  following  kinetic  energy: 


n? 


<?  2  <5- 


3  dx  2,6  dx 


(X*xd 


dE* 

dx  ”  Gr 


-f 


aj 

dX 


(9) 


where  0  =  the  acceleration  due  to  gravity. 


Ug  -  Velocity  of  Cases#  The  average  velocity  of  gases  in 
an  ablating  plastic  is: 


where  {/*],)  is  the  density  of  the  gas  mixture  and  (ad)  is  the 
fractional  cross-section  area  of  the  pores. 

The  fractional  pore  area  is  eoual  to  the  void  fraction 
at  (x)#  Assuming  that  the  density  of  the  solids  remaining  in  the 
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plastic  is  essentially  unmanned  in  the  process  of  ablation, 

'’’he  density  of  a  gas  mixture  at  standard  conditions  is 
equal  to  the  average  molecular  weight  divided  by  the  standard  molal 
volume.  Corrected  for  temperature  and  pressure  at  (x). 

p  _  rvoi  Wir,  T5  PW 

x  mol.velis Ps  ~fx 


Since  we  would  like  to  eliminate  pressure  as  a  variable 
in  F.auation  (h),  one  can  look  for  other  relationships.  Darcy's  law 
(17)  states  that  the  volume  of  fluid  (V)  crossing  unit  area  of  a 
porous  medium  per  unit  time  under  pressure  pradient  (dP/dx)  is 
related  empirically: 


k' 


dp 

dK 


{ 


where  k*  is  a  constant  dependent  on  both  the  fluid  and  the  porous 
medium.  Further,  {<  *  k///«/  where  ( /S  )  is  the  coefficient  of  shear 
viscosity  of  the  fluid  and  (k)  is  the  permeability  of  the  medium. 
Kozeny' s  Equation  (17)  gives  a  pood  approximation  of  the  permea¬ 
bility  of  porous  media  havir.r  a  minimum  of  blind  pores.  This 


equation  is: 


and 

\/-  1  f  ^ 

\df 

SLOTI/*, 

but 

so 

Px  d  P  =  2C?tr>T  JL  (m-  )  c! K 

*  V»oJ.v0r  rs  (  ^  f  j 

In  ter  ratine  from  being  the  pressure  at  the  wall. 


Thus,  it  appears  that  the  velocity  term  becomes  small  at  very  high 
pressures,  as  in  a  rockfit.  As  a  result,  the  kinetic  energy  term 


81 


•  -  v*:4 .  v  ■ 


Perry 


becomes  very  small,  since  (>w  )  becomes  very  large*  Therefore,  the 
kinetic  energy  term  can  be  neglected  in  internal  ballistic  problems* 
However,  it  may  be  included  in  high- altitude  problems  where  C  f!v  )  is 
relatively  small. 


43* 

dx 


Substituting  in  Equation  (9) , 

J? 

_  m %*/.*/.  k)  ,  x,  /,m 

-  ®  757  -H  Tx + Vk  *  /■’  \}Q  lx 


mg  -  Mass-Transfer  Rate  of  Has.  The  amount  of  gas  passing 

a  point  (x)  in  the  body  is  equal  to  the  amount  of  gas  generated 
deeper  in  the  body.  In  this  coordinate  system,  with  temperature 
gradients  which  are  invariant  with  time,  and  with  a  constant  supply 
of  matter,  it  can  he  expected  that  the  types  and  rates  of  chemical 
reactions  at  any  given  point  in  the  body  will  also  be  invariant  with 
time.  As  a  generalization,  the  chemical  theory  of  rate  processes 
(7)  states  that  the  jth  reaction  proceeds  at  the  rate: 

&  H 

*  k*  -  7^T  _  R  W 

r<  «  c  w  -f?  T  £  6 


wnere 


c»  =  a  constant  determined  by  the  nature  of  the  reactants 
k*  =  Boltzmann  constant 


h’"  =  Plank's  constant 


H*  =  a  heat  of  activation  for  the  reaction 


S*  =  an  entropy  of  activation  for  the  reaction. 

If  the  rate  (n)  is  defined  as  the  number  of  moles  of  gas  generated 
per  second,  then  the  weight  of  gas  being  generated  per  second  at 
point  (x)  is  equal  to  the  product  of  the  mole  rate  and  the  molecular 
weight  of  the  eras  evolved  .  Gumming  up  for  all  reactions  from 

first  to  the  fcth  and  integrating  forward  to  (x). 
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*  r 

AHy-  AS,- 

~  RT  *  R 


The  unknowns  in  this  equation  are  ( C ^  ),  (^/^*  )  and  (/^$^’). 

In  those  instances  when  these  data  are  available  on  ail  of  the 
reactions  in  the  body,  then  the  mass- transfer  rates  of  gases  and 
solids  could  be  calculated  by  computer  techniques.  In  the  absence 
of  these  data,  it  will  be  sufficient  to  develop  techniques  for 
determining  the  rate  of  evolution  of  gas  from  the  solids  at  given 
rates  of  heating,  to  sample  and  analyze  the  gases  evolved,  and  to 
assign  values  to  the  average  molecular  weight  an-:’  the  apparent 
specific  heat  of  the  gas  (M#0  and  (C^)  « 

Assembly  of  Terms.  Referring  to  Figure  1,  the  flow  of 
heat  is  to  the  right  and  the  mass  transfer  is  to  the  left.  Therefore, 
♦  Equation  (It)  can  be  written: 


where 


Jj  _  <dE> 


4 £rsO 
dx 


m- 


if* 


Substituting  F.auations  (5),  (6),  (8)  and  (10)  in  Equation  (it). 


*<£1  . 


jfFjiX  -  -  m9)cjx 

dX^Tx  1  '  \CSJ*  Txdx  M-r^dxJ 


\  -  d  u 

i 


0 

TM/fwjJW-  / M  aW,  frie ctP  t  HU  dT” \ 

Qr  Uol.w+.Ts  Vj\%  3x  J- 

llx  '  («) 
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Figure  1  -  Flight  conditions  and  current  facilities 
for  testing  materials 
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derivatives , 

/t  dTfdK 

d  * x  d  X  \d  X 


,  t  ‘  \  _  ~rp  p  f"  I 

— (y)-rr/^)C^-jC:  —  q. 
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viscosity  of  pas  at  (x). 
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Boundary  Conditions 

Assuming  an  original  temperature  of  the  laminate  (To  )»  the 
temperature  at  =  00  /s  7*  *  T*  o  .  Also  assuming  an  original  flow 
of  gas  through  the  laminate  (  5  ,  the  gas  transfer  rate  at  x=<o 

is  The  original  gas  transfer  rate  (  W»£0)  !«ay  not  equal 

'zero  if  the  laminate  i.s  fjacsaposinp  at  (  ) »  This  situation  might 

prevail  if  the  laminate  had  been  subjected  to  heating  at  an  earlier 
tine. 


Equation  (13)  nolds  only  for  or 9- dimensional  heat  and  mass 
flow.  Therefore,  a  boundary  condition  for  Equation  (13)  at  x  =  0  is 

f 


I*©  =  77w/^ 


At  the  melt-gas  interface. 


^  (i 'fjfreli  '  ^  fa 


n  .  dllimrlt  11  <jUs*s 

*<>t  dK  dx- 


Using  these  boundary  equations,  it  would  be  possible  to  program  the 
ablation  and  melting  zone  equations  with  a  set  of  equations  for  tho 
aerodynamic  boundary  layer  for  computations  on  a  digital  computer# 
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Properties  of  ftaterlals 

Equations  (1)  and  (13)  are  simultaneous  differential 
equations  in  the  mass-tx-ansfer  rate  (M) ,  the  temperature  (7)  and 
coordinate  (x).  Equation  (13)  also  contains  properties  of  materials 
vhich  must  be  known  as  functions  of  temperature  (T) ,  together  with 
a  term  for  the  gas  mass-transfer  rate  which  depends  on  rates 

of  reactions  in  tho  material#  Equations  (22)  and  (??)  also  contain 
certain  properties  of  melted  mate  rials  which  must  be  known  as 
functions  of  temperature  (7). 

The  properties  required  consist  of: 

t 

-  the  thermal  conductivity  rf  the  solids 
at  temperature  (t)* 

-  the  specific  heat  of  the  solids  at 
temperature  (T). 

=  the  viscosity  of  the  gas  at  temperature  (7)# 

=  the  viscosity  of  the  molten  material 
at  temperature  (T)> 

=  the  average  molecular  weight  of  the  ga s# 

=  the  heat  of  formation  of  the  jth  species 
in  the  matter  being  transferred,  solid, 
liquid  and  gaseous. 

The  chftmi.ee- kinetic  data  needed  are: 

)  =  heat  of  reaction  of  ^th  reaction 

(  aHu*)  ~  heat  of  activation  of  the  jth  reaction# 

(  =  entropy  of  activation  of  the  ;}th  reaction, 

(  c£  )  =  concentration  factor  for  the  jth  reaction# 

Tue  reactions  taking  place  during  pyrolysis  of  some  resins 
can  be  quite  involved#  For  example,  after  fifty  j^ars  of  common  use 
the  phenolics  are  poorly  understood  and  their  exact  structure  remains 
unknown#  On  the  other  hand,  polymers  such  as  polymethylmethacrylate 
decompose  thermally  to  yield  a  large  percentage  of  monomer  fragments, 
the  further  degradation  of  which  can  be  studied  quite  readily#  Other 
materials,  such  as  nylon,  polytetrafluoroethylene  and  polyethylene# 
may  also  yield  useful  data  when  their  degradation  mechanisms  are 


(K)t 

(°s)t 

y^g'T 

0*rW 

(e±) 
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studied  further.  In  the  latter  material,  polyethylene  being  a 
relatively  pure  hydrocarbon,  it  is  likely  that  a  survey  of  the 
knowledge  accumulated  by  the  petroleum  refining  industry  on  the 
thermodynamics  of  cracking  processes  will  yield  data  which  will 
be  applicable  in  these  calculations 0 

Approximate  Froggy  Rglapce  at  a  Pynolyzlrr  Surface 

The  foregoing  second-order  partial  differential,  eauations 
offer  promise  for  the  calculation  of  many  i.  x>  .ant  factors  in  the 
pyrolytic  ablation  of  polymeric  materials  and  for  the  prediction  of 
ablation  rates  and  temperature  profiles  under  steady-state  ablation. 
However,  Equations  (11)  and  (15)  are  not  readily  amenable  to  solution 
by  analytical  means*  Further,  the  relative  importance  of  this  many 
materials  properties  in  the  phenomenon  cf  ablation  cannot  be  estimate 
readily  by  inspection  of  these  equations.  A  simpler  relationship 
between  ablation  rats  and  materials  properties  would  be  useful  for 
some  purposes,  even  at  some  loss  of  accuracy. 


Referring  again  to  Equations  (1)  and  (2)  we  may  consider 
the  energy  balance  at  the  pyrol yzjjrv;  surface,  x  =  0.  Under  steady- 
‘  state  conditions  the  heat-flux  (q)  into  the  surface  must  just  equal 
the  heat- flux  out  of  the  surface.  The  heat-flux  out  must  take  the 
form  of  sensible  heat-energy,  intrinsic  energy  and  kinetic  energy. 
Again,  it  is  assumed  that  the  potential  energy  term  is  negligible. 
On  this  basis: 


£  £ 

9  =  R  T»e  +  X  ^ 


(16) 


where  i.nj)  is  the  number  of  moles  of  the  jth  species  of  gas  pass  inf' 
through  tna  surface,  (AHj)  is  the  heat  of  formation  per  mole  of  tie 
jth  species,  (Tw)  is  t»*e  wall  temperature  and  (U)  is  the  velocity  of 
the  gases  passing  through  the  surface.  Rut, 


the  exact  composition  of  the  gases  cm it to 


'.’men  one  exact  compos 
bo  assumed  that 


d  are  not  known,  it  may 


r— 


and 


& 


*■ *>V  - 


% 

(nwjvt,  x. 

m 


- - - —  AhL 


% 

Also,  in  the  case  of  complete  volatilization. 
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where  {fi  )  is  the  original  density  of  the  polymer,  (AHp)  is  the 
heat  of  pyrolysis  as  determined  by  experiment  and  (MWest*)  ‘t^ie 
estimated  molecular  weight  of  the  gases  of  pyrolysis# 

Substituting  srd  rearranging,  Equation  (16)  becomes 


X  = 


/O  A  .»  »  i.  . 

•  J  A 


(mrl'l  vel,.„e)(Ps/Ts)  |  .  (ps)  iE  the  pressure  at 
one  atmosphere  and  (Ts)  is  the  standard  temperature. 


where 


This  relationship  supports  the  generally  accepted  philosophy 
concerning  the  desired  characteristics  of  an  ablation- resistant 
plastic,  namely  that  the  ablation  rate  is  approx  inateljr  proportional 
to  the  molecular  weight  of  the  gases  evolved  and  inversely  proportional 
to  the  heat  of  pyrolysis.  However.  Equation  (17)  also  indicates  the 
role  of  temperature  and  pressure  in  the  process.  As  the  vail  tempera¬ 
ture  is  increased  and  the  wail  pressure  is  reduced  the  fraction  of 
eftergy  going  into  mechanical  forms  is  increased.  Considering  that  in 
some  circumstances  the  incoming  energv  may  consist  almost  entirely  of 
radiant  energy  and  that  the  process  may  take  place  in  a  near  vacuum, 
it  is  conceivable  that  substantial  portions  of  the  incoming  energy 
will  be  taken  up  in  accelerating  the  gases  evolved.  The  addition  of 
ceramic  materials  to  the  plastic  composition  which  would  accumulate 
on  the  surface  and  attain  a  higher  temperature,  or  the  formation  of 
coke  which  could  also  sustain  a  higher  temperature  wuld  also  tend 
to  increase  the  energy  going  into  mechanical  forms# 


Temperature  Profiles  in  the  Ablation  Zone 

In  certain  design  problems  it  is  of  value  to  be  able  to 
forecast  the  thickness  of  the  ablation  zone  and  the  associated 
temperature  profiles  in  the  slab,  particularly  when  the  reinforced 
plastic  serves  both  as  a  sacrificial  layer  and  as  a  thermal  insulation 
for  tempi' rature- sensitive  devices  or  structures.  The  thickness  of 
the  ablation  zone  and  the  temperature  gradients  in  the  reinforced 
plastic  during  steady-state  ablation  can  be  determined  by  solving 
Equation  (13),  provided  that  data  are  available.  This  equation  takes 
into  account  the  variable  properties  in  the  material. 

If,  however,  it  can  be  assumed  with  a  reasonable  degree  of 
accuracy  that  the  thermal  diffusjvity  of  the  material  is  a  constant, 
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or  if  an  average  value  la  assumed,  then  an  estimate  can  be  made  of 
the  thickness  of  the  ablation  zone  by  the  use  of  the  veil,  known 
equation  for  heat-transfer  in  solids t 

dt  fc-  Tx*  (18) 

With  coordinates  moving  with  velocity 

x-  — 

x~  dt 

The  above  equation  is  transformed  (8)  as  follows* 


dT  .  K  d*T  -tJr 
TT  —  "SV  W*  A  TV 

au  /  L  5-<  d  * 


Under  s dy* s t»&L8  s/qjlslt/iuti  wiun  velocity  A/  tv  — 


—  =  o 

dt  u 


x£L 

s*  dx* 


iJI 

'  d  x 


A  solution  of  the  above  equation  when  (x)  is  greater  than 

zero,  is  of  the  form  />c  • 

+  Txx 

JZ  /  * 

— JL  ~  £  <P  r 


if  X-9,  TrT#  •  if  v  =  ooy  TyTw  -  0  ,  then 


If  (x)  is  constant  and  (xG)  is  that  deoth  at  which  T  =  TT  > 
J|=o(  ,  «»n  x6  =  0C/£  . 

This  is  the  depth  in  the  material  at  which  the  temperature 
(Tx)  is  0*368  Twaii»  At  twice  this  depth,  the  temperature  (Tx)  is 
0.13^5Tw.  At  three  times  this  depth,  the  temperature  (Tx)  is  O.Ob98Tw. 
In  general,  one  can  conclude  that  a  high  thermal  diffusivity  leads  to 
deep  penetration  of  heat  into  the  material.  Also,  in  general,  it  can 
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be  concluded  that  the  thickness  of  the  ablation  zone  in  any  given 
material  is  inversely  proportional  to  the  ablation  rate. 

Experiments 

Equation  (11)  and  its  boundary  conditions  indicate,  as  may 
be  expected,  that  the  thermal  conductivity  of  the  ablating  material 
has  a  marked  influence  on  the  amount  of  heat  entering  the  reinforced 
plastic  to  deteriorate  it,.  It,  therefore,  becomes  of  considerable 
interest,  as  a  first  step  in  the  process  of  unraveling  the  mysteries 
of  pyrolytic  ablation,  to  determine  the  thermal  conductivity  of  the 
ablating  material  as  a  function  of  (x),  or  of  (T)x. 

If  (K^Pc)  is  a  variable  in  (T),  it  can  be  shown  (20) 


fJL).  « 

I/5*:  /T7X 


4  1  T 

v  — Us — 

(W, 


(23) 


where  (dT/dt)  is  the  slope  of  a  time-temperature  curve  at  point  (x) 
in  tho  ablating  solid.  Since  the  ablation  rate  (£),  the  temperature 
(Tx)  and  the  time  derivative  of  the  temperature  (dT/dt)  are  all 
measurable  quantities,  it  becomes  possible  to  determine  the  effective 
diffusivity  ,  as  a  function  of  temperature  and  ablation 

rate.  However,  (K;  cannot  be  separated  from  (^c). 

Measurement  of  Effective  Diffusivity 

The  design  of  an  experiment  for  determining  the  effective 
thermal  diffusivity fK/>c)r,x  of  an  ablating  material  as  a  function 
of  temperature  and  ablation  rate  requires  that  the  conditions  for 
s toady-state  ablation  be  maintained,  and  further,  that  the  flow  of 
heat  into  the  ablating  surface  be  one -dimensional.  It  is  further 
necessary  that  means  be  provided  for  the  measurement  of  temperature 
at  a  point  in  the  ablating  material  as  a  function  of  time.  Accord¬ 
ingly,  it  was  suggested  by  Mr.  Kendall  of  this  Laboratory,  that  a 
thermocouple  be  imbedded  In  a  semi- infinite  slab  and  that  the  surface 
of  the  semi-infinite  slab  be  ablated  toward  the  thermocouple  at  a 
constant  rate  of  ablation;  that  the  temperature  be  recorded  as  a 
function  of  time;  that  the  temperature- time  derivative  be  calculated 
at  each  point  (x);  that  the  ablation  rate  (x)  be  measured;  that  these 
data  be  substituted  in  Eouation  (21);  and  that  the  effective  diffusi¬ 
vity  be  plotted  as  a  function  of  temperature  for  each  measured 
ablation  rate,  or,  with  enough  repeated  tests,  as  a  function  of 
ablation  rat**  for  typical  temperatures  in  the  ablating  material. 
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A  criterion  for  a  one-dimensional  heat  flow  was;  taken  to  bo 
the  maintenance  of  a  flat  surface  during  ablation  since  any  inequality 
or  nonlinearity  of  flow  could  be  expected  to  cause  unequal  ablation 
and  a  curved  surface.  It  was  then  possible  to  experiment  with  various 
ratios  of  thermocouple  depth  to  specimen  width  and  to  observe  the 
flatness  of  the  ablated  surface  in  the  region  of  the  thermocouple. 

It  was  also  thought  that  a  guard  ring  around  the  sides  of  a  specimen 
would  assist  in  maintaining  a  fiat  surface  during  ablation*  parti  milan- 
ly  on  small  sonplss  of  experimental  materials  for  which  large  specimens 
could  not  be  constructed  for  lack  of  sufficient  material. 

♦  To  maintain  the  required  condition  of  a  homogeneous  body  of 
effectively  infinite  extent  in  the  direction  of  heat  flow,  it  was 
decided  to  mold  the  thermocouple  into  the  specimen,  or  failing  that, 
to  bond  it  in  place  with  an  adhesive  whose  properties  closely  matched 
those  of  the  laminating  resin.  Further,  it  was  decided  that  the 
thermocouple  was  to  be  backed- up  using  identical  laminate,  or  in  the 
absence  of  sufficient  material,  to  back  it  up  using  a  laminate  whose 
properties  might  come  as  close  as  possible  to  that  of  the  sample. 
Finally,  it  was  decided  to  employ  the  thinnest  possible  thermocouple 
wires  in  order  that  the  heat  capacity  of  the  wires  might  influence 
the  heat  flux  past  the  wires  to  the  least  possible  extent. 

The  experimental  set-up,  as  shown  in  Figure  u,  consists 
of  a  guarded  cylindrical  specimen  containing  a  thermocouple  and 
exposed  endwise  to  the  flame.  The  guard  ring  was  successful  in 
maintaining  a  flat  frontal  surface  on  the  specimen  and  in  preventing 
ablation  of  the  sides  of  the  specimen. 

A  typical  time- tompe nature  curve  for  a  phenolic  glass  cloth 
laminate  is  presented  in  Figure  5*  Having  transformed  the  curve  to 
T/x  coordinates  and  having  determined  the  time-temperature  derivative 
at  each  point  (x)  in  the  body  a  curve  of  the  effective  thermal 
diffusivity  versus  temperatures  was  calculated  and  plotted.  By  lettteg 

*«T-  <a> 

the  curve  was  transformed  to  temperature- depth  and  diffusivity-depth 
coordinates ,  as  shown  in  Figure  6.  Thid  curve  shows  that  significant 
changes  take  place  in  the  effective  themal  diffusivity  of  this 
laminate  in  the  ablation  zone. 

ffeasurement  of  Volumetric  Heat  Capacity  During  Pyrolysis 

Equation  (13)  calls  for  dacta  on  the  conductivity  of  the 
material  as  a  function  of  depth.  It  is,  therefore,  not  possible  to 
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employ  directly  the  diffusivity- depth  data  of  the  type  presented  in 
Figure  6.  Accordingly,  means  were  sought  for  determining  the  value 
of  (J )  under  equivalent  conditions  so  that  (K)„  and  its  derivatives 
could  be  calculated-  This  required  tftat  the  heat  input  to  raise  a 
unit  volume  of  material  a  degree  of  temperature  be  measured;  the 
measurements  being  made  at  the  tenpsraturea  and  heating  rates  of 
ablation* 


Two  methods  suggested  themselves:  the  Differential  Thermal 
Analyzer  (DTA)  (2l),  and  a  Hot-Sandwich  Method  suggested  by  Kendall 
(20). 


It  should  be  noted  that  the  -emperature  rise  observed  in 
the  specimen  ablating  in  the  torch  is  about  150°  ! second ,  a  very  rapid 
rise,  indeed*  At  higher  heat  fluxes  this  rise  could  be  much  higher. 
By  contrast,  the  Differential  Thermal  Analyzer  proceeds  at  a  rate 
of  about  O.l67°/second,  or  about  one  thousand  times  slower.  Remember¬ 
ing  the  chemico-kinetic  term  for  (m^)  in  E'.quaticn  (13),  it  was 
thought  that  the  DTA  would  yield  valuable  data  under  essentially 
equilibrium  conditions,  but  that  a  faster  method  would  be  required  to 
evaluate  the  materials  at  progressively  higher  heating  rates,  in 
expectation  that  the  population  fractions  of  the  decomposition 
products  will  differ  from  those  generated  at  very  slow  temperature 


rises*  The  Hot 
this  goal. 


andwich  Method  seemed  to  offer  promise  of  attain. 


DTA  Estimation  of  Heats  of  Pyrolysis 


Differential  Thermal  Analysis  (2i)  is  a  dynamic  technique 
which  consists  essentially  of  heating  simultaneously,  at  a  constant 
rate,  a  reference  material  (e.  g.,  aluminum  oxide)  and  the  substance 
being  studied.  The  temperature  difference  developed  between  the 
reference  and  sample  is  recorded  as  a  continuous  function  of  time 
and/or  temperature.  Any  thermal  processes  (melting,  boiling,  sub¬ 
limation,  oxidation,  polymerization  or  depolymerization,  decomposition, 
etc.)  occurring  in  the  samples  will  appear  on  the  DTA  record  as 
endothermic  or  exothermic  peaks. 

The  overall  heat  of  decomposition  of  the  samples  can  be 
obtained  from  the  area  under  the  thermal  peak  and  the  following 
equation: 

aH  =  Tdi  (25) 

*  Ws  At 
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Wheref^Hjis  the  lumped  heat  of  reaction,  (C5) ,  fcr)  and  (C^  We  specific 
heats  of  the  plastic  samples,  filler,  and  glass,  respectively, (W^), 

(Wx)  and (Wg) are  the  respective  weights,  and (!A  t)  represents  the  time 
interval  over  which  the  integral  is  evaluated.  The  integral 
represents  the  area  under  the  exothermic  or  endothermic  peak.  (Kjis 
a  constant  for  the  apparatus  used  and  m*y  be  eval  nated  by  calibrating 
with  substances  of  known  thermodynamic  properties. 

The  DTA  experimental  arrangement  is  described  in  reference 
(21).  It  is  a  modification  of  that  used  by  Gordon  and  Campbell  (22). 
It  consists  mainly  of  the  followings  an  X,  Y  recorder,  with  a  built- 
in  time  marker,  for  recording  the  differential  temperature  versus 
temperature  of  the  sample  and  time;  a  program  controller  for  main¬ 
taining  a  constant  heating  rate  in  the  furnaces;  a  Brow  recorder 
for  monitoring  the  furnace  temperature;  and  a  metal  heating  block  for 
holding  the  Pyrex  sample  cells  in  the  furnace. 

The  apparatus  was  calibrated  with  benzoic  acid  and  silver 
nitrate.  All  of  the  samples  were  pulverized  to  pass  a  100  mesh  sieve. 
A  typical  OTA  curve  is  shown  in  Figure  7.  The  estimated (Ah) values 
for  the  various  materials  are  given  in  Figure  8. 

„  Some  of  the  factors  which  may  contribute  to  the  inaccuracy 

of  the  (A  h)  value  are:  (a)  shifting  of  the  base  line  due  to  unsymmet- 
rical  location  of  the  differential  thenaocouples  or  due  to  dis¬ 
similar  thermal  parameters  (specific  heat,  heat  conductivity,  etc*)* 
of  the  sanple  and  reference;  (b)  inability  to  position  accurately  a 
base  line  from  dhich  the  area  under  the  curve  may  be  delimited.  This 
is  due  to  a  gradual  rather  than  sharp  departure  of  the  DTA  curve 
from  the  base  line;  and  (c),  changing  specific  heats  due  to  the 
decomposition. 

Estimation  of  Effective  Volumetric  Heat  Capacity  and  Gas  Evolution 
Rates  as  Functions  of  Temperature  by  ^Hot-Sandwich  Method" 

Under  adiabatic  conditions, 


rr 


( 

V? 


f  26) 


where  (fc)^  ,p  is  the  effective  volumetric  heat  capacity  as  a 
function  of  temperature  (T)  and  heating  rate  (  T  =dT/dt)  and  where 
(q)  is  the  heat  flux  into  sample  of  Volume  (V).  Also, 


(/>)  .  = 

1  r  'r,  r  v 


(27) 
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Figure  7  -  Typical  DTA  thermograms 
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Figure  8  -  Apparent  heats  of  reaction  and  weight  losses 
during  thermal  decomposition  of  reinforced  plastics 
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where  A  is  the  density  as  a  function  of  temperature  (T)  and 

heating  rate  (T)  and  (M)-.  is  the  weight  of  sample  of  Volume  (V.) 
as  a  function  of  temperature  (T)  and  heating  rate  (t).  Then, 

rC’t)T/f  =  ^Ti+  $  <»«> 

where  ( c 75 ) t ,  T  effective  specific  heat* 

Uased  on  this  theory  sandwiches  were  assembled  of  alternate 
pi  os  of  laminate  and  heating  wires ,  with  thermocouples  imbedded  in 
one  of  the  plies  of  laminate,  one  at  the  center  of  the  block  of 
sandwich  and  another  offset  toward  the. edge  of  the  block*  The 
assembly  is  shown  in  Figure  9»  and  was' instrumented  as  shown  in 
Figure  10. 

The  specimen  was  suspended  from  the  sensing  element  of  an 
Instron  load  cell,  the  output  of  which  was  recorded  versus  time  on 
the  Instron  load-time  recorder  using  the  100  gram  scale*  The  thermo¬ 
couples  were  connected  to  ndlliammeters  which  had  been  calibrated 
with  the  thermocouples  using  a  standard  voltage  cell.  In  a  later 
setup,  it  is  proposed  to  record  the  thermocouple  outputs  automatically. 

*  The  heating  wires  were  connected  in  series  to  a  stepdown  transformer 
writh  o.  vattag®  measuring  device*  The  power  input  into  the  transformer 
was  controlled  by  a  Variac.  The  specimen  was  suspended  in  a  venti¬ 
lated  hood. 


In  naming  the  test  the  power  was  turned  on  and  maintained 
at  a  constant  level  by  constant  manual  adjustment  of  the  Variac* 

Figure  11  shows  a  typical  temperature- time  curve  and  a  typical  weight- 
curve  for  a  glass  cloth  phenolic  laminate  with  density  of  1.6  grams 
per  cc.  It  is  to  be  noted  that  the  center  of  the  block  sandwich  was 
essentially  adiabatic,  since  the  two  thermocouples  followed  together 
within  fifty  degrees*  The  weight- time  recording  was  smooth*  The 
cental  thermocouple  circuit  opened  for  unknown  causes  at  the  end  of 
five  minutes  of  heating*  By  that  time  the  temperature  had  reached 
1600  °F  (870°C). 

D\nxng  the  course  of  the  heating  cycle  the  slope  of  the 
ioinper^vurt-tims  curve  remained  constant  up  to  180°C.  Beyond  680 °C 
the  temperature- curve  took  a  lesser  slope*  At  about  26Q°C  an 
offsc+  TOcurTod  xti  curve?  It  has  not  yet  tern  determined  whether 
this  , ■:<:  xu  instrumental  or  ur  or  whether  this  represented  a  rather 
temporary  •»ndotherm :  ;  -eactiun.  This  offset  has  been  temporarily 
ignored  in  interpreting  results.  At  510°C  a  marked  change  in 
slope  occurred  which  has  been  interpreted  as  being  real* 
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Figure  9  -  Hot- sandwich  {cut-away  view) 
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Figure  10  -  Hot- sandwich  test  ior  pc  and^ 
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The  slopes  of  the  important  portion  of  the  curve  were 
determined  by  graphical  nears.  These  were  measured  to  be: 

30  -  h0O°C  -  6.3%econd 

$10°C  -  7.7%econd 

630°C  up  -  3.U5°/s5cond 

The  above  data  were  inserted  in  Equations  (22),  (23)  and 
(2h).  The  results  are  plotted  in  Figure  6. 

! 

Figure  6  also  shows  plots  of  (c)  and  (d^>/dt).  The  plots 
indicate  that  the  specif 5.c  heat  remains  constant  in  this 

material  as  the  temperature  rises  until  a  transition  takes  place 
at  about  li80°C,  at  which  temperature  (c)ejf  dips  and  then  rises  to 
a  new  level  tfiich  was  maintained  constant  up  to  8li0°C.  The  (d/’/dt) 
indicates  a  gradual  increase  in  the  rate  of  weight  change,  which 
reached  a  peak  at  the  time  that  the  transition  occurred  in  the 
volumetric  heat  capacity  of  the  material.  The  peak  in  (dy>/dt) 
.occurred  at  the  instant  when  the  observed  amount  of  smoke  gushing 
from  the  specimen  was  at  a  peak.  At  that  instant,  the  weight  loss 
in  the  laminate  was  about  1$.  Later,  the  heating  cycle  having  been 
continued  long  after  the  thermocouple  had  burned  out-  the  weight  loss 
reached  a  level  of  13% ,  beyond  %hich  it  did  not  pass  ev«n  though  the 
whole  block  sandwich  assembly  became  incandecc  8*lt»  •  On  d  is  ass  ssibly , 
the  glass  cloth  residue  was  found  to  be  cemented  together  and  located 
with  a  black  deposit,  presumably  a  graphitic  fora  of  carbon. 
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thirty- eight  times  faster  than  the  Differential  Thermal  Analyzer 
could  proceed.  It  would  appear  that  useful  information  can  be 
obtained  by  this  method.  Steps  are  being  taken  to  reduce  the  size 
of  the  block  specimen  and  to  pack  the  heating  wires  in  close  contact 
within  the  specimen.  With  a  block  of  one-ninth  the  volume  and  with 
twice  the  power  input  it  is  hoped  to  reach  a  heating  rate  of  1J>0°/ 
second.  It  Is  hoped  that  the  data  obtained  by  this  faster  means 
will  be  directly  applicable  to  the  determination  of  the  thermal 
conductivity  of  the  material  as  a  function  of  temperature  when  used 
in  the  formula: 
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Since  the  (pc)  test  can  be  conducted  at  variable  power  levels  and 
hence  at  variable  heating  rates  it  is  expected  that  the  method  will 
provide  rough  estimates  of  the  reaction  rates  as  a  function  of  the 
temperature  and  the  rate  of  heating  in  the  ablating  laminate. 

»• 

Recognizing  that  a  {p  c)  heating  rate  of  6-7°C  per  second 
is  not  directly  comparable  with  an  ablation  rate  of  150°C  per  second, 
tne  thermal  conductivity  was  calculated  as  a  matter  of  curiosity. 

This  questionable  result  is  shown  Also  in  Figure  6,  This  curve 
Indicates  that  the  thermal  conductivity  may  be  reduced  at  first  as 
the  material  enters  the  ablation  zone,  and  then  increase  as  pyrolysis 
becomes  more  advanced.  This  is  possible  in  view  of  the  carbonization 
of  the  organic  residues  and  of  the  increase  of  conductivity  of  glass 
by  ionization  at  higher  temperatures. 

Heating  Rates  versus  Reaction  Rates 

In  comparing  the  curves  obtained  on  the  phenolic  glass-cloth 
laminate  in  the  Differential  Thermal  Analyzer  at  l/6°C/second,  the 
(pc)  test  at  6-7°C/second  and  the  ablation  test  at  l$0°C/second,  it 
becomes  apparent  that  the  DTA  shows  the  effects  of  a  reaction  at  low 
‘temperatures  which  is  not  apparent  in  the  higher  speed  tests.  Also, 
the  temperature  of  the  seoond  peak  in  the  DTA  test  does  not  correlate 
with  the  temperature  at  which  the  big  changes  occurred  in  the  faster 
tests.  Therefore,  these  preliminary  measurements  indicate  that  the 
chemical  reactions  are  rate  sensitive* 

High  Speed  Photography  of  Ablating  Laminate 

There  is  considerable  speculation  on  the  behavior  of  the 
molt.gn  glass  in  the  ablation  of  a  glass-fiber  reinforced  phenolic 
plastic.  Accordingly,  it  was  of  interest  to  take  moving  pictures 
of  the  ablating  surface.  This  was  done  at  a  speed  of  750  frames  a 
second. 


Figure  12  shows  two  frames  selected  from  the  motion 
picture.  The  unguarded  ablating  surface  was  being  maintained  in  a 
relatively  flat  condition.  The  ablation  rate  in  this  test  was  about 
0.01  cn/sec.  Beads  of  molten  glass  clung  to  the  shoulder  of  the 
right  circular  cylindrical  specimen.  The  frontal  surface  of  the 
specimen  appeared  to  be  lumpy.  It  is  questionable  whether  these 
represent  isolated  droplets  of  glass  or  alternately  a  film  of  glass 
containing  gas  pockets  or  bubbles.  The  second  frame  shows  a  streak 
of  incandescent  matter  moving  in  the  gas  stream  away  from  the  frontal 
surface.  The  streak  may  represent  a  filament  of  molten  material 
or  alternatively  droplet  of  molten  material  moving  at  a  very  high 
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Figure  11  -  Mass-transfer  and 
power  balance  during  steady- 
state  ablation 
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Figure  12  -  Phenolic  glass-cloth  laminate  in 
oxyacetylene  flame 
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velocity  so  that  the  700  frame/second  camera  did  not  stop  it.  These 
streaks  were  found  at  frequent  intervals  ir.  the  film,  occupying  one 

fraae  only. 

Figures  13j  It  and  1?  show  six  consecutive  frames  of  the 
film  in  which  a  droplet  at  the  shoulder  of  the  specimen  is  breaking 
away*  The  droplet  has  left  a  dark  spot  at  the  spot  it  had  occupied, 
which  may  be  taken  to  indicate  that  the  droplets  are  hollovr  This  is 
supported  by  the  observation  that  hollow  droplets  of  frozen  glass 
were  found  around  the  test  equipment*  The  formation  of  such  droplets 
is  not  impossible  in  view  of  the  considerable  surface  tension  tfiich 
must  exist  in  the  glass  at  this  temperature  a*3  will  be  discussed 
later*  * 

The  droplet  is  still  attached  to  the  site  by  a  filament  of 
molten  glass*  In  very  rapid  succession  the  filament  elongates, 
develops  two  distinct  nodes  between  the  big  droplet  and  the  site, 
and  in  the  next  frame  is  converted  to  two  small  droplets.  This 
conversion  of  a  filament  with  nodes  to  two  droplets  was  completed  in 
1/7C0  of  a  second*  It  would  seem,  therefore,  that  the  surface  tension 
in  the  glass  at  this  temperature  (about  1800°C)  is  very  strong*  The 
little  droplets  then  accelerated  faster  than  the  large  droplet  and 
won  the  race  off  the  screen.  The  diameter  of  the  specimen  was  3/h 
inches.  The  large  droplet  appears  to  be  about  0.08  inches  in  diameter. 
The  small  droplets  appear  to  be  about  0*02  inches  in  diameter. 

In  view  of  some  of  the  questions  raised  by  these  photo¬ 
graphs,  it  is  intended  to  investigate  *hese  phenomena  at  higher 
film  speeds.  Some  modifications  of  the  theories  of  melting  ablation 
(1),  (2),  (3)*  may  be  required  to  adapt  then  to  the  conditions 
encountered  in  pyrolytic  ablation. 

Possible  Future  Expoxbrnents 

The  phenolics  and  other  highly  cross-linked  thermosetting 
laminating  resins  represent  an  important  and  interesting  class  of 
resins  in  connection  with  application  wherein  the  reinforced  plastic 
is  in  contact  with  hot  gases.  Further  investigation  of  the 
mechanisms  of  degradation  at  high  heating  rates  of  these  resins  seems 
to  be  indicated.  In  view  of  the  complicated  and  somewhat  mysterious 
structure  of  these  rc:  ins,  and  remembering  the  ever-present  possi¬ 
bility  of  interactions  with  fillers  and  fibers,  it  would  seem  to  be 
in  order  to  undertake  an  investigation  of  the  fragments  emitted  by 
the  materials  as  a  function  of  time,  temperature  and  composition, 

Th  .•  use  of  gas  sampling  technioues  together  with  mass-spectrometry, 
infra-red  analysis,  chromatography,  X-ray  diffraction  and  chemical 
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Figure  13  -  Droplet  formation  during  ablation 
of  a  phenolic  glass-cloth  laminate 


Figure  14  -  Droplet  formation  during  ablation 
of  a  phenolic  glass -cloth  laminate 
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Figure  15  -  Droplet  formation  during  ablation 
of  a  phenolic  glass -cloth  laminate 
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analysis  of  fractions  should  give  a  clearer  insight  into  the  original 
structure,  mode  of  fragmentation  and  residues  of  the  structure  under 

heat* 


Having  identified  the  species  of  degradation  produces  and 
having  estimated  their  proportions  as  a  function  of  (T)  and  (T),  we 
should  then  be  closer  to  being  able  to  predict  the  behavior  of  these 
materials  in  contact  with  molten  glass  layers.  exhaust  flames  and 
aerodynamic  boundary  layers. 

With  reference  to  the  motion  of  molten  layers  and  their 
effect  on  the  heat- transfer  rate,  it  is  to  be  noted  that  the  guard¬ 
ring  ablation  tests  so  far  have  employed  chemical  flames*  Much  higher 
temperatures  and  a  variety  of  gas  compositions  can  be  generated  in 
high-intensity  arc  plasmas.  Future  work  should  include  the  substi¬ 
tution  of  a  jet  of  hot  gas  mixture,  or  of  hot  air,  for  the  chemical 
flame  employed  in  these  tests. 

It  is  also  to  be  noted  that  the  flame  is  subeonic.  For 
this  reason  the  shear  stress  to  which  the  surface  is  subjected  is 
not  high.  The  guard- ring  ablation  test  should  be  extended  to  apply 
high  wind- shear  stresses  to  the  surface. 

It  is  further  to  be  noted  that  the  body  forces  in  this  test 
are  limited  to  one  gravity.  From  the  high  speed  photographs  and  the 
condition  of  the  specimens  after  a  test  there  is  no  evidence  that  this 
weak  body  force  had  any  appreciable  effect  on  the  motion  of  the  molten 
layers.  The  full  simulation  of  conjoint  wind-shear  and  body  stresses 
under  a  large  heat  flux  car.  of  course  be  accomplished  employing  large 
whirling-arm  devices.  Perhaps  a  simpler  beginning  in  this  direction 
could  be  undertaken  if  the  right-circular  cylindrical  specimen  were 
to  be  spun  on  its  axis  within  the  guard- ring. 

Finally,  it  is  to  be  noted  that  the  ambient  pressure  in  the 
hot  gases  on  the  test  s\irface  in  the  present  test  are  about  one 
atmosphere.  As  noted  in  connection  with  the  theory  of  pyrolytic 
ablation,  (Pw)  car.  have  a  significant  effect  on  the  chemical  kinetics 
and  gas  dynamics  within  the  ablating  zone.  It  was  also  noted  in 
Figure  2  that  the  ambient  pressure  on  an  ablating  surface  can  range 
from  0.01  atmospheres  at  100,000  ft.  altitude  to  100,0  atmospheres, 
or  higher,  in  a  rocket  motor  casing.  Perhaps  the  simulation  of 
these  conditions  during  ablation  could  be  accomplished  by  the 
enclosure  of  the  test  specimen  and  heat  source  in  a  pressurized 
chamber. 
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DEVELOPMENTS  IK  REINFORCED  PLASTICS 
AT  TEE  NAVAL  ORDNANCE  LABORATORY 
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H.  A.  Perry 

U.  3.  Naval  Ordnance  laboratory 
White  Oak,  Silver  Spring,  Maryland 


INTRODUCTION 

For  many  years  now  glass  reinforced  plastics  have  been 
finding  vide  use  as  primary  plastics  structures  in  naval  ordnance 
and  other  military  applications.  This  vide  acceptance  by  material 
design  engineers  is  due  in  part  to  the  inherent  high  strengths  in 
glass  reinforced  plastics  and  confidence  in  the  quality  and  repro¬ 
ducibility  of  this  class  of  materials. 

This  situation  did  not  prevail  ten  years  sgo  and  the 
deficiencies  in  glass  reinforced  plastics  vers  such  *u*  to  cast  doubt 
on  their  acceptance  in  critical  structural  naval  ordnanc®  applica¬ 
tions.  At  the  Naval  Ordnance  laboratory ,  it  vas  realized  that  con¬ 
siderably  more  vork  vas  necessary  to  upgrade  the  strength,  to  improve 
the  heat  and  moisture  resistance  of  glass  reinforced,  plastics,  and 
to  advance  the  status  of  assembly  techniques,  quality  control,  and 
tost  methods ,  as  veil  as  to  accumulate  an  adequate  body  of  engineer¬ 
ing  performance  data. 

Considerable  progress  towards  these  goals  has  been  made  by 
both  Industrial  and  military  laboratories.  This  paper  describes  in 
suasnary  form  the  results  of  the  experimental  vork  carried  out  at  the 
Naval  Ordnance  Laboratory  in  the  following  areas  of  Interest: 

A.  The  upgrading  of  the  strength  and  moisture  resistance 
properties  of  glass  reinforced  plastics  through  the  development  and 
application  of  universal  type  glass  fiber  finishes. 
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B.  Bie  development  of  a  test  method  to  characterise  the 
properties  of  glass  roving  for  use  In  filament  vound  structures. 

C.  The  study  of  the  engineering  properties  of  external 
pressure  vessels  as  &  basis  for  the  dealer  of  such  vessels  as  housings 
in  undexvater  applications. 

A.  Chemical  Finishes  for  Glass  Fibers 

There  are  potentially  many  applications  in  naval  ordnance 
•where  reinforced  plastics  are  the  ideal  materials  of  construction. 

This  is,  however,  conditioned  on  th«5"  ability  to  retain  for  rela¬ 
tively  long  periods  of  time  a  substantial  fraction  of  their  inherent 
strength  properties  in  a  moist  environment.  The  problem  of  vet 
strength  retention  in  reinforced  plastics  is  known  to  be  dependent  on 
the  adhesive  bond  between  the  cured  resin  and  the  glass  fiber  surface. 
At  the  start  of  this  investigation,  the  use  of  fiberglass  reinforced 
plastics  in  structural  items  for  naval  ordnance  was  severely  limited 
In  applications  requiring  long  time  inner sion  in  bos  water.  This 
limitation  still  exists  but  to  a  lesser  degree. 

The  min  objective  of  this  research  was  the  development  of 
glass  fiber  reinforced  plastics  with  improved  strengths,  both  dry  and 
after  prolonged  exposure  to  moisture.  The  approach  to  the  problem 
was  to  devise  novel  treatments  (finishes)  for  the  glass  fiber  which 
would  lead  to  improved  bonding  between  the  fibers  and  the  cured  resin. 

A  total  of  38  organo-chlorosilaneo ,  most  of  which  were  syn¬ 
thesised  at  this  Laboratory,  were  applied  to  glass  fabric  and  eval¬ 
uated  for  their  effect  on  the  dry  end  wet  strength  properties  of 
1  gal  nates  made  with  several  commonly  used  thermo  sexiiog  resins.  These 
finishes  ware  selected  on  the  premise  that  appropriate  chemical 
functional  groups  r irmly  fixed  to  the  glass  surface  could  partake  in 
the  curing  reaction  of  the  resin  and  in  this  manner  bridge  the  glass- 
resin  interface  with  chemical  bonds.  Many  of  the  finishes  were 
designed  to  contain  more  than  one  type  of  functional  group  so  that 
the  finish  could  be  effective  with  &  variety  of  thermosetting  resin 
types. 


The  mechanism  by  which  chemical  finishes  for  glass  fibers 
lead  to  better  otren^th  properties  is  not  too  well  understood,  but 
there  is  much  evidence  that  appropriate  chemical  functional  groups 
in  the  finish  are  essential  in  semiring  laminates  with  superior 
strength  properties.  The  reason  for  selecting  chlorosilanes  as  a 
vehicle  to  place  chemical  functional  groups  on  the  glass  vas  that 
these  were  known  to  react  with  trace  amounts  of  absorbed  water,  which 
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la  ever  present  on  glass  surfaces.  Chloro silanes  react  vith  this 
absorbed  vater  vith  the  evolution  of  hydrogen  chloride  and  In  the 
process  bee  era  attached  In  a  manner  suggesting  chemical  bonding, 
since  they  can  be  removed  only  by  strong  hot  alkali  or  abrasion. 

Unis,  the  problem  of  the  bonding  of  the  finish  to  the  glass  vas 
ais^lifled  by  selecting  chlorosllanes  ae  the  vehicle  fo**  Introducing 
different  functional  groups  Into  these  finishes. 

The  nev  finish  reagents,  vfaich  are  sensitive  to  moisture, 
were  dissolved  in  dry  xylene  at  a  concentration  of  about  1-2#.  The 
treatment  consisted  of  immersing  glass  fabric  in  these  solutions  for 
varying  periods  of  time  and  temperature.  The  various  finishes  and 
thoir  methods  of  application  have  been  the  subject  of  several  reports 
(1.  2,  3,  4,  5  end  6). 

The  finish  designated  501-24 ,  vhieh  is  the  product  from  the 
reaction  of  allyltrichlorosllane  and  resorcinol,  vac  selected  for 
further  study  and  development.  This  finish  vas  found  to  be  universal 
in  character,  since  it  vas  effective  vith  many  resin  systems.  Poly¬ 
ester,  epoxy,  phenolic  and  melamine  laminates  made  vith  SOL-24 
treated  cloth  give  not  only  Improved  dry  flexural  strength  properties 
but  superior  vet  strength  retention,  in  scow  cases  up  to  100$. 

As  a  result  of  the  good  laminate  strength  data  obtained  in 
the  laboratory  phase  of  this  study,  a  commercial  finisher  became 
interested  in  the  HOL-24  treatasat.  Vith  the  cooperation  of  NOL, 
this  processor  carried  out  several  treatments  on  a  pilot  scale. 
Treated  fabric  becasm  available  in  100  yard  quantities,  some  of 
vhieh  vas  evaluated  at  this  laboratory.  Table  I  shove  ultimate 
flexural  strength  data  from  laminates  made  vith  fabric  from  the  first 
four  pilot  treatments.  Included  for  ooamarison  are  strength  values 
from  laminates  vith  other  coamercial  finishes. 

The  laminates  in  Table  I  vere  in  a  similar  manner 
had  resin  contents  in  the  range  29  to  34#  (4).  The  averages  shown 
vith  HOL-24  laminates  with  polyester,  epoxy  and  phenolic  resins  are 
based  on  27,  24  and  21  laminates,  respectively,  and  include  up  to 
four  different  pilot  treatments •  Ultimate  flexural  strength  averages 
of  over  100,000  were  obtained  for  all  three  resin  systems  under  dry 
conditions.  Averages  of  80,000,  98,000  and  100,000  psi  were  obtained 
after  a  tvo-hour  boiling  vater  conditioning  with  polyester,  epoxy  and 
phenolic  resins,  respectively.  These  data  show  that  ifOL-24  yielded 
higher  flexural  strengths  than  the  best  commercial  finish,  both  dry 
and  vet,  respectively,  of  20#  and  11#  vith  the  polyester  resin,  16# 
and  22#  vith  the  epoxy  resin,  and  24#  and  28#-  with  the  phenolic  resin. 
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TABLE  I 

ULTIMATE  FLEXURAL  STRENGTH  FROM  IAMIHATES  USING 
lQl  STILE  GLASS  FABRIC  WITH  VARIOUS  FINISHES 


Paraplex  P-43  Epca  826  vith  CL  BV  17085 


Finish 

Dry 

Wet 

Dry 

Wet 

Dry 

Vet 

112 

73,000 

39,000 

88,000 

73,000 

52,000 

30,000 

Garan 

/  /?  A/\A 
WJ  «  V/  VW 

74,000 

40,000 

51,000 

45,000 

47,000 

136 

69,000 

73,000 

49,000 

53,000 

36,000 

28,000 

Volan 

86, <x^ 

72,000 

93,000 

80,000 

84,000 

78,000 

NOL-24 

103,000 

80,000 

108,000 

98,000 

104, (XX) 

100,000 

TABLE  II 


VARIATION  OF  COLLAPSING  PRESSURE  RESISTANCE  AND 
EFFECTIVE  MODULUS  WITH  INCREASING  TUBE  DIAMETER 


T  TV 

X  uw  x  *  ^  • 

Collapsing 

Pressure 

inches 

psi 

3.06 

355 

6.02 

350 

9.86 

350 

Effective 

Modulus 

3.90  X  106 
3.85  X  106 
3.81  X  106 


Each  value  is  an  average  of  three  tests. 

L/D  -  2.90  t/D  -  O.Q25 

Tubes  reinforced  vith  lSl-Volan  glass  fabric  and  bonded  vith 
a  general  purpose  polyester  resin  mixture  of  80*  rigid  resin, 
15 %  flexible  resin  and  %  styrene. 
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A  more  recent  evaluation  was  carried  out  at  this  Laboratory 
in  connection  with  a  survey  to  determine  whether  the  present  specif i- 
cation  for  strength  properties  of  reinforced  plastic  laminates  was 
realistic  in  terns  of  what  could  be  achieved  with  the  new  improved 
fabric  finishes.  Another  object  of  this  evaluation  \n*z  to  determine 
the  effect  of  resin  content  over  the  range  35  *  5$  on  various 
strength  properties  of  the  laminate.  This  study  was  carried  out  with 
l8l  style  fabric  having  A-1100,  A-172  (Silicones  Div. .  Union  Carbide 
Co.)  and  NOL-24  finishes  and  using  polyester,  epoxy,  phenolic  and 
moIjmh a*  resins.  The  reason  for  selecting  A-1100  and  A-172  finishes 
for  this  study  was  that  these  were  more  recently  developed  finishes 
which  were  showing  promise  in  a  rather  widespread  evaluation  by 
industry  and  the  military  agencies.  Ultimate  flexural  strengths  were 
obtained,  as  well  as  a  limited  amount  of  tensile  and  compressive 
strength  data  (6). 

Bie  ultimate  flexural  strength  data  are  shown  in  Figures  1 
through  4.  The  laminate  strength  data  in  Fig.  1  were  obtained  with 
an  epoxy  resin  cured  with  metaphenylenediandne  (CL).  The  results 
show  that  flexural  strength  is  not  particularly  dependent  upon  resin 
content  in  the  range  31*1  to  39-6$  and  that  the  ROL-24  lasdnate  data 
are  about  15$  above  those  from  the  A-1100  laminates. 

Lasdnate  flexural  strength  data  for  polyester  laminates 
made  fro*  fabric  with  A-172  and  HCL-24  finishes  are  shown  in  Fig.  2. 
The  re  stilts  show  that  with  the  A-172  finish  the  strength  properties 
are  not  affected  over  the  range  of  resin  content  31.1  to  38.6$. 

Resin  cohtent  had  a  slight  effect  on  the  dry  strength  with  the  HOL-24 
finish  but  none  on  the  wet  strength,  jhe  ROL-24  landaiet-e  dry 
strengths  were  12  to  15$  higher  then  those  from  the  A-172  laminates . 
The  MOL-24  laminate  vet  strengths  were  about  the  same  as  for  the 
A-172  laminates. 

Similar  data  for  phenolic  laminates  made  with  A-1100  and 
HOL-24  finished  fabrics  are  shown  in  Fig.  3*  Resin  content  seems 
to  be  unimportant  over  the  range  26.6  tc  37.1$  with  the  A-1100  finish. 
?est  strengths  are  obtained  with  the  ROL-24  laminates  in  the  29  to 
35$  range.  With  both  finishes,  100$  (or  better)  vet  strength 
retention  Is  obtained  in  9  out  of  12  cases.  The  present  specifica¬ 
tion  requires  values  of  50,000  and  45,000  pel  dry  and  vet , 
respectively. 

Flexural  strengths  from  melamine  laminates  made  with 
A-1100  and  HOL-24  finished  fabric  are  shown  In  Fig.  4.  Reein  con¬ 
tent,  as  this  relates  to  laminate  strength,  appears  to  be  unimportant 
over  the  range  29*1  to  39*0$.  Hie  dry  and  vet  strengths  from  the 
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«.  DRY  STRENGTH 
b.  WET  STRENGTH 
e.  RESIN  CONTENT,  % 


- PRESENT  SPECIFICATION  (DRY) 

OOOO  PRESENT  SPECIFICATION  (WET) 
•  •SO  PROPOSED  NEW  SPECIFICATION 
<<<<  PROPOSED  NEW  SPECIFICATION 


|mil-r- 

(DT.Y) 

(WET) 


9U00A  (1935) 


Figure  1  -  Ultimate  flexural  strength  for  laminates  with 
A- 1100  and  NOL-24  finishes  using  Epon  828  and  CL 
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b.  WET  SlfitNOTM 
t  RESIN  CONTENT,  % 


- PRESENT  SPECIFICATION  (DRY) 

OOOO  PRESENT  SPECIFICATION  (WET) 

•  •••  PROPOSEO  NEW  SPECIFICATION  (DRY) 

-  <1  PROPOSED  NEW  SPECIFICATION  (WET) 


]>  MIL- 


p- 80133  (1955! 


Figure  2  -  Ultimate  flexural  strength  for  laminates  with 
A-172and  NOL-24  finishes  using  Farapiex  P-43 
polyester  resin 
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O  DRY  STRENGTH 
b  WET  STRENGTH 
c  RESIN  CONTENT,  % 


- PRESENT  SPECIFICATION  (DRY)  1  ,,  .  , 

,  ,  >  Mil  R  -  9299  19}*! 

oooo  PRESENT  SPECIFICATION  (WET)J 

•  •••  PROPOSED  NEW  SPECIFICATION  (DRY) 

«  <  <  «  PROPOSED  NEW  SPECIFICATION  (WET) 


Figure  3  -  Ultimate  flexural  strength  for  laminates  with 
A- 1100  and  NOL.-24  finishes  using  BLL  3085  phenolic 
re  «in 
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h.  WET  STRENGTH 
c.  RESIN  CONTENT,  X 

- PRESENT  SPECIFICATION  (ORY)  \ 

O  O  0  O  PRE  SENT  SPECIFICATION  (WET,/*"  75r5',VSJ’ 

•  •••PROPOSED  NEW  SPECIFICATION  (DRY) 

■a  a  «  «  PROPOSED  NEW  SPECIFICAI  ION  IWtT) 

Figure  4  -  Ultimate  flexural  strength  for  laminates  with 
A- 1100  and  NOL-24  finishes  using  cymel  405  melamine 
resin 
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NOL-24  lamina* » a  are  at  least  50$  higher  than  those  from  the  A-L100 
laminates.  Wet  strength  retention  with  the  NOL-24  finish  is  100$ 
or  better  In  five  out  of  six  casco. 

It  is  apparent  from  these  late,  that  NOL-24,  A-1100  and 
A-172  produce  laminates  with  substantially  higher  strengths  than  the 
requirements  set  forth  in  current  specifications  for  the  several 
types  of  laminating  resins  discussed  here.  In  most  cases.  K0L-2U 
gave  strengths  over  a  range  of  resin  contents  higher  than  those 
obtained  with  the  other  tvo  finishes;  In  view  of  this,  it  is  proposed 
in  Fig.  I-1*  that  the  specification  limits  be  raised  to  provide  for  a 
new  class  of  quality  finished  cloth  to  reflect  the  higher  dry  and  vet 
strengths  possible  with  the  new  commercial  and  experimental  finishes. 
The  proposed  values  are  tentative  and  are  only  offered  as  a  basis 
for  discussion  leading  to  the  revision  of  present  specifications  so 
that  the  full  potential  of  these  new  and  better  material  combinations 
can  become  available  to  the  design  engineer. 

Tfris  study  at  NOL  of  chemical  treatments  for  glass  fibers 
not  only  resulted  in  the  development  of  the  universal  type  chemical 
finish,  WOL-2^,  but  it  also  stimulated  this  type  of  work  in  industry. 
As  a  result,  considerable  work  in  this  area  has  been  done  by  at  least 
three  large  industrial  concerns.  While  the  work  at  NOL  has  not 
proved  chat  the  resin  becomes  chemically  bonded  to  the  finish,  much 
indirect  evidence  has  been  accumulated  in  favor  of  the  chemical 
theory  of  finishes. 

It  is  believed  that  finishes  to  be  effective  must  net  only 
fulfill  the  chemical  requirements  vith  respect  to  functional  groups 
but  must  also  be  capable  cf  performing  several  other  functions.  The 
finish  should  provide  a  polymeric  sheath  to  protect  the  fiber  against 
strength  degradation  by  self -abrasion  and  moisture  attack;  it  should 
result  in  better  vetting  of  the  fiber  with  the  elimination  of  voids 
and  consequent  iaqprovement  in  moisture  resistance;  and  it  should  act 
as  a  deformable  layer  capable  of  accomno&tvfcing  local  stresses  along 
the  fiber  which  are  set  op  in  curing  and  in  temperature  cycling. 

Further  work  on  finishes  is  needed  to  understand  more  fully 
the  mechanism  by  which  certain  finishes  lead  to  better  dry  and  vet 
strength  laminate  properties.  More  needs  to  be  known  about  the 
effects  of  thickness  and  physical  characteristics  of  the  finish. 
Finishes  in  the  past  have  been  designed  largely  for  improvement  of 
laminate  vet  strength  properties.  Perhaps  it  is  time  to  begin  the 
planning  of  new  finishes  designed  to  resist  the  effects  of  high 
temperature  on  laminates.  A  better  knowledge  of  the  mechanise  of 
bonding  is  urgently  needed  in  the  design  of  the  finishes  of  the 
future. 
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R.  The  NOL  Ring  Teat  Method  for  the  Evaluation  of 
Chemical  Finishes  on  Glass  Roving 

The  subject  of  glass  roving  reinforced  plastics  is  current¬ 
ly  of  growing  interest  to  both  industry  and  several  of  the  defense 
agencies.  Koch  effort  is  being  expended  vith  these  materials  in 
developing  Lseans  of  economical  machine  fabrication  of  cylindrical  and 
spherical  structures  and  the  evaluation  of  the  performance  charac¬ 
teristics  of  these  products. 

In  the  area  of  reinforced  plastics,  glass  roving  will 
undoubtedly  become  steadily  more  important  as  a  reinforcement  material. 
One  reason  for  this  is  cost,  aa  compared  with  that  of  woven  glass 
fabric.  In  addition,  glass  fiber  in  roving  form  offers  the  rein¬ 
forced  plastics  engineer  a  means  of  controlling  directional  strength 
properties,,  which  is  not  possible  in  designing  with  glass  fabric  or 
mat. 


A  major  obstacle  in  the  development  of  this  class  of 
structural  material  has  been  the  probltan  of  testing  the  strengtn 
properties.  The  design  data  usually  needed,  such  as  flexural,  com¬ 
pressive,  shear  and  tensile  strengths.  Laced  on  standard  tests,  have 
not  been  available  to  the  engineer.  As  a  result,  test  specimens  in 
many  cases  have  been  the  actual  prototypes  which  are  usually  expen¬ 
sive  to  fabricate  and,  perhaps,  give  information  which  is  pertinent 
only  to  a  single  end  use.  This  also  often  leads  to  over-design, 
thereby  losing  much  of  the  possible  weight  saving  advantage  which  is 
critical  in  many  applications,  such  as  those  involving  missiles. 

As  an  extension  of  the  work  with  glass  fabric  finishes ,  a 
study  of  the  effect  of  various  chemical  finishes  on  glass  roving, 
as  this  related  to  the  strength  properties  of  the  reinforced  plastic, 
was  undertaken.  It  soon  became  apparent  that  test  methods  wore  very 
inadequate,  as  compared  to  those  for  fabric  reinforced  plastics.  A 
literature  survey  on  the-  subject  of  test  methods  for  glass  roving 
reinforced  plastics  was  made  (7).  It  was  concluded  from  this  survey 
that  very  little  progress  in  this  area  had  been  made.  TTie  main 
difficulty  with  all  the  test  methods  tried  had  beer,  the  problem  of 
fabrication  of  uniform  and  reproducible  test  specimens.  In  order, 
therefore,  to  evaluate  roving  treatments,  the  Laboratory  undertook 
the  additional  problem  of  developing  more  reliable  test  methods  for 
determining  various  strength  properties  of  parallel  fiber  reinforced 
plastics. 


The  NOL  Ring  Test  Method  is  built  around  a  ring  which  can 
be  easily  and  inexpensively  made  with  a  high  degree  of  uniformity 
and  reproducibility.  This  ring  has  an  outside  diameter  of  6M  and  is 
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l/^"  vide  and  l/8"  thick*  It  Is  fabricated  by  drawing  8-end  roving 
through  a  resin  bath  onto  a  split  circular  rcrld  under  controlled  con¬ 
ditions  of  temperature ,  tension,  and  angle  of  vind.  Liquid  epoxy 
and  polyester  resins  are  used  with  *tqual  ease.  Up  to  rings  can 
be  consecutively  made  vith  a  single  catalyzed  batch  of  these  resins 
using  only  250  grains  of  resin.  Resin  content  can  be  varied  frou.  15 
to  30 In  addition,  this  type  of  sp^ciiuen  has  the  advantage  that 
it  is  niore  closely  related  geometrically  to  shapes  that  are  asset 
likely  it'i  practice  to  be  fab "  rated,  such  as  tubes  and  spheres. 

Figure  S  ig  *•  schematic  diagram  of  the  functioning  parts. 

The  entire  apparatus  consists  of  three  parts;  the  tensioning  device, 
the  resin  impregnation  bath,  and  the  mechanism  for  drawing  and  placing 
in  a  uniform  fashion  the  impregnated  roving  into  the  sold.  The 
details  of  the  fabrication  of  a  ring  are  discussed  in  references  7 
and  8. 


All  the  important  strength  properties  for  design  purposes 
may  be  obtained  fro;?  the  ring  or  segments  of  it.  Ultimate  flexural 
strength  is  obtained  from  segments  of  the  ring,  which  are  3”  long. 
Horizontal  shear  strength,  is  obtained  from  segments  measuring  0.6"  to 
0.8”  long.  Tensile  strength  can  be  obtained  on  the  entire  ring, 
which  is  hydraulically  pressurized  internally  between  parallel  plates 
to  failure.  Congxressive  strength  could  be  similarly  obtained  by 
pressurizing  the  ring  externally  to  failure.  Fle'CJrai  test  specimens 
are  shown  in  Fig.  6,  Item  1,  and  horizontal  shear  test  specimens  are 
shewn  in  item  2  of  the  same  figure.  A  typical  horizontal  shear 
failure  is  shown  in  Fig.  7. 

This  Laboratory  was  primarily  interested  in  developing  the 
test  meth.-'fl  for  use  in  the  -valuation  of  chemical  finishes  {sed 
sizes)  on  roving  as  these  relate  to  the  various  strength  properties 
of  the  rei'-*f©ry«fd  vZMmvio.  IVo  casts  have  new  beam  brought  to  the 

point  that  this  has  been  accomplished.  Hie  ultimate  flexural  strength 
test  and  the  horizontal  rah  os?"  strength  test  can  both  be  used  for  this 
purpose. 


Ultimate  flexural  strength  data  are  sham  in  Fig.  8  for 
rings  v  th  various  roving  surface  treatments,  which  were  aide  with  an 
epoxy  resin  cured  with  metaphenylenediamine .  It  should  be  noted  that 
testing  under  standard  (dry)  condition  does  not  clecriy  differentiate 
between  treatments.  It  was  found  with  this  resin  system  that  boiling 
the  specimens  up  to  12  hours  before  testing  was  necessary  to  bring 
out  the  differences  shown.  Horizontal  shear  strength  data  from 
duplicate  rings  of  those  shown  in  Fig.  8  are  shewn  in  Fig.  9.  Again 
it  is  seen  that  the  specimens  have  to  be  severely  boil  conditioned 
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Figure  7 


Typical  horizontal  shear  failure; 
end  view 
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Figure  8  -  Flexural  strength  from  rings  with 
m-phenylenediamine-cured  Epon  828  resin 
using  various  roving  treatments 
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to  bring  out  differences  due  to  finishes.  It  should  be  noted  that 
no  vet  shear  values  are  reported  for  several  of  the  roving  treatments 
in  Fig.  9*  Serious  degradations  occur  in  these  specimens  on  boiling 
and  failure  by  shear  does  not  result.  The  coefficients  of  variation 
shown  indicate  that  both  methods  have  fair  to  good  reliability.  The 
coefficients  of  variation  tend  to  increase  when  the  values  get  lav. 

tlltimate  flexural  strength  data  with  a  polyester  resin  are 
shown  in  Fig.  10.  A  tvo-hour  boiling  water  conditioning  is  sufficient 
here  to  differentiate  between  roving  treatments.  The  relative  order 
of  values  is  what  would  have  been  expected  from  fabric  laminates. 
Horizontal  shear  strength  data  on  duplicate  rings  for  those  shown  in 
Fig.  10  are  shown  in  Fig.  11.  Again  it  is  seen  that  tb“  specimens 
having  inferior  roving  surface  treatments  fail  to  shear.  The  coef¬ 
ficients  of  variation  indicate  that  both  methods  have  sufficient 
reliability  to  be  useful. 

This  Laboratory  has  designed  a  test  fixture  to  obtain 
tensile  data  on  the  entire  ring.  It  is  expected  that  these  data  will 
*  also  be  available  in  the  near  future.  There  are  at  the  moment  no 
plans  to  design  a  similar  fixture  to  get  compressive  strength  data, 
but  this  would,  be  highly  desirable,  since  many  end  items  of  interest 
are  external  pressure  vessels. 

The  NOL  Ring  Test  Method  is  being  proposed  tentatively  as 
a  standard  test  method  for  specifications  use.  Perhaps  more  work 
needs  to  be  done  on  the  method  of  making  rings  and  the  manner  of 
testing.  At  this  time,  however,  it  is  possible  to  make  rings  uni¬ 
formly  and  reproducibly,  and  for  this  Laboratory’s  purpose  it  has 
been  able  to  differentiate  very  clearly  between  glass  roving  surface 
treatments. 

C.  Reinforced  Plastics  in  the  Construction  of 
External  Pressure  Vessels 


Reinforced  plastics  are  structural  materials  which  are 
suitable  for  the  fabrication  of  mine  cases  and  other  underwater 
housings.  They  are  non -magnetic  with  high  electrical  resistivities 
and  ere  corrosion  resistant,  lightweight  and  utilize  non -critical 
materials.  When  they  were  first  considered  for  this  use,  their 
creep  and  fatigue  characteristics  under  long-term  pressure  conditions 
were  unknown.  Therefore,  it  was  necessary  to  develop  basic  data  on 
the  selection  of •materials  and  on  the  design  of  pressure  vessels 
prior  to  their  acceptance  for  the  fabrication  of  mine  cases. 


A  half-scale  model  program  vas  initiated  to  provide  these 
data  with  eqphasls  on  the  submarine  launched  mine  case  Mk  57  (9). 
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Figure  9  -  Horizontal  shear  strength  from  rings  with 
m-phenylenediamine -cured  Epon  828  resin  using 
various  roving  treatments 
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Figure  10  -  Ultimate  flexural  strength  from  rings  with 
paraplex  P-43  resin  using  three  experimental  NOL-24 
treatments 


3 


126 


CV.  «3.IO%' 


C.V.*5.0%< 


Silver 


Figure  11  -  Horizontal  shear  strength  from  rings  with  paraplex 
P-43  resin  using  three  experimental  NOL-24  treatments  and 
other  commercial  treatments 
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Km*! i  tubes  were  used  to  establish  the  variation  of  collapsing 
pressure  with  length -diameter  ratios,  thickness-diameter  ratios,  and 
reinforcement  strength  characteristics.  Large  tubes  and  models  were 
investigated  with  respect  to  the  degree  to  which  ribbing  would  rein¬ 
force  a  tube  and  increase  its  collapsing  pressure  resistance.  Long¬ 
term  hydrostatic  loading  of  models  was  carried  out  to  determine  the 
time-to-failure  of  promising  designs  and  fabrications. 

A  formula  for  calculating  the  collapsing  pressure  (Pc)  of 
reinforced  plenties  vessels  was  taken  from  one  used  for  metal 
structures.  For  short  cylinders  (L  =  6d  maximum)  under  uniform 
external  radial  and  axial  pressures  the  ‘prilling-Winderiburg  formula 
was  used: 

pc  *  iijg  s  (t/p)5/2 

(1  -*2)^  -  o.U;>  (t/D 

Where  t/D  is  the  wall  thickness-to-disuneter  ratio  and  L/D  is  the 
length -to -diameter  ratio.  Poisson's  ratio  (h )  had  been  determined 
as  equal  to  0.3  and  was  used  as  a  constant  in  the  equation.  The 
formula  gives  good  results  when  the  failures  are  of  the  instability 
type  where  excessive  deformations  give  rise  to  highly  stressed  areas. 
When  the  failure  is  by  yield  without  appreciable  deformation,  the 
formula  is  not  strictly  applicable.  Nevertheless,  it  was  used 
empirically  to  permit  calculations  of  experimental  vessels  of  known 
dimensions.  This  required  the  collapsing  of  cylinders  of  varying 
L/D  and  t/D  ratios  and  the  calculation  of  E  (Effective  Young's 
Modulus)  to  demonstrate  its  characteristic  variations. 

The  initial  series  of  experiments  was  with  small  diameter, 
convolutely  wound  cylindrical  pressure  vessels.  Fig.  12  shows  data 
for  style  l8l  glass  fabric  reinforced  polyester  tubes.  It  is  readily 
seen  that  Pc  increases  with  a  decrease  in  the  L/D  ratio  and  with  an 
increase  in  the  t/D  ratio.  Here  then  are  two  ways  by  which  the 
strength  may  be  controlled.  It  should  also  be  noted  that  the  slopes 
of  these  curves  change  markedly  in  the  ranga  of  l/d  ratios  from  one 
to  two.  At  i/D  ratios  above  this  range,  failure  in  the  specimen  is 
of  a  typical  instability  nature,  while  below  the  failure  is  typically 
yield.  At  extremely  low  L/D  ratios,  the  axial  compression  strength 
of  the  cylinder  appeared  to  be  the  yield  mechanism  of  irapoitance. 

Once  Pc  was  determined  on  0.  series  of  tubes  of  known  t/D 
and  L/D  ratios,  E  was  calculated.  A  plot  of  E  against  l/d  for 
various  t/D'fl,  such  as  in  Fig.  13,  allowed  the  estimation  of  Pc  for 
experimental  cylinders.  The  drop  in  E  at  low  l/d  ratios  again 
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STYLE  18!  -  VOL  AN  GLASS  FABRIC 
POLYESTER  RESIN  SYSTEM 
TUBE  I  D  *  3  06" 


Figure  13  -  Effective  modulus  variation  of 
reinforced  plastic  tubes 
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illustrates  the  limited  applicability  of  the  formula,  to  failures  of 
a  yield  nature.  It  can,  however,  be  used  empirically  by  introducing 
an  estimated  2  consistent  vith  the  specific  t/D  and  L/D  ratio  of 
the  proposed  vessel. 

Glass  rovings  were  also  used  in  a  helical  pattern  to  rein¬ 
force  a  cylindrical  structure .  Excellent  results  were  obtained,  as 
indicated  by  the  variations  of  Pc  and  E  versus  the  helix  angle  of 
wind,  as  shown  in  Fig.  l4.  Similarly,  as  with  fabric  reinforced, 
tubes,  it  was  noted  that  as  the  hoop  strength  of  the  tube  is  increased 
pressure  resistance  and  stiffness  increased.  In  contrast  to  the 
helical,  distribution  of  glass,  the  rovings  were  also  placed  so  that 
they  l*y  only  in  the  axial  and  hoop  directions  (C-90*  wind).  With 
this  technique,  the  axial  hoop  strength  ratio  can  be  controlled  as 
with  helical  windings.  The  effect  of  these  variations  is  shown  by 
the  points  2:1  and  4:1  (representing  the  hoop -to -axial  ratio)  over 
the  90*  helix  line  in  vig,  lU.  Certain  theoretical  advantages  accrue 
by  using  the  0*  -  90®  wind  technique,  as  the  glass  is  put  more  nearly 
in  direct  line  with  the  applied  stresses  than  when  wound  helically. 

It  is,  therefore,  to  be  expected  that  these  structures  would  have 
better  stress  resisting  characteristics  under  both  short-term  and 
long-term  loading  conditions.  Also,  at  the  higher  collapsing 
pressures,  the  maxi  mum  axial  strengths  for  the  application  can  be 
more  readily  maintained.  The  0*  -  90*  wound  tubes  have  axial  com¬ 
pression  strengths  of  23,000  psi  for  a  2:1  axial -to-hoop  strength 
ratio,  as  compared  to  18,000  psi  and  15,000  psi  for  a  60*  and  80® 
helix  wind,  respectively. 

Scale  factor  is  an  important  consideration  in  the  use  of 
the  roregolng  data.  A  series  of  data  in  Table  II  show  that  the 
scale  factor  is  effectively  1:1,  as  would  be  predicted  from  the 
Trilling -Windenburg  formula.  Since  any  increase  in  the  radii  of  a 
tube  approaches  the  ideal  conditions  of  a  flat  sheet,  it  is  expected 
that  the  1:1  scale  factor  ratio  will  hold  true  at  diameters  larger 
than  those  tested  to  date. 


In  practical  applications,  a  cylinder  will  generally  have 
a  specified  length,  yet  its  collapsing  pressure  requirement  may 
demand  a  much  lower  effective  L/D  ratio  than  that  of  the  basic  tube. 
The  use  of  ribs  represents  a  means  by  which  the  effective  I./D  ratio 
can  be  reduced.  Fig.  15  shows  that  Pc  was  controlled  In  the  insta¬ 
bility  failure  region  by  this  method.  In  the  yield  region,  however, 
these  same  ribs  failed  to  give  sufficient  support  to  obtain  Pc 
values  as  great  as  the  ones  on  the  theoretical  Pc-L/D  curve.  The 
units  failed  in  instability.  Although  tub  theoretical  curve  was  not 
followed,  the  collapsing  resistance  was  increased  three-xold  without 
a  ma^or  weight  Increase.  Further  increases  in  collapsing  pressure 
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were  obtained  by  increasing  the  rib  cross-section  or  the  number  of 
ribs  but  at  the  expense  of  an  increase  in  weight  as  well.  Increasing 
the  rib  size  resulted  in  a  yield  failure. 


Not  only  must  a  reinforced  plastics  pressure  vessel  have  a 
high  resistance  to  short-term  external  pressure,  but  it  must  be  able 
to  resist  a  high  proportion  of  this  pressure  for  an  extended  period 

0-  time.  Uccuiiw  Cj.  long— warm  orpOouiti  wc  cXwci'ii&A  m 

Fig.  16  showed  that  convolutely  wound  cloth  vesoali  loaded  to  80$  of 
their  short-term  strengths  did  not  withstand  continuous  pressure  for 
any  great  length  of  time.  At  60$,  these  vessels  lasted  about  300 
days.  It  was  shewn  that  with  a  load  of  not  over  50$  of  the  short¬ 
term  strength,  the  vessel  lasted  well  in  excess  of  one  year.  Vessels 
loaded  at  UO$  of  their  'lltimote  strength  ware  found  to  maintain  their 
full  short-term  strength  even  after  one  year’s  long-term  loading. 
Glass  roving  helically  wound  tube a,  although  having  initially  higher 
ccllspsii'jg  pitstobuico,  wore  found  to  fall  off  more  rapidly  on  exposure 
than  cloth  wound  tubes  and  maximum  allowable  pressure  for  long-term 
use  was  below  that  of  the  cloth  wound  tubes. 
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TUE  PHOSPHINIC  NITRIDES  -  POTENTIAL  HIGH  TEHTIiRATUUE 
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During  the  past  tea  years,  the  demand  for  polymeric  di¬ 
electric  materials  which  can  withntand  temperatures  in  the  region  of 
">00  to  l,000°C  has  become  increasingly  insistent.  Since  most  ? f  tlie 
coovcniion,al  organic  polymer  systems  fail  long  before  thn  required 
temperatures  are  reached,  a  solution  in  the  field  of  inorganic 
polymer  chemistry  is  being  sought  with  increasing  vigor  by  research 
laboratories . 


Of  the  several  areas  studied 
*hv  most  promising  inorganic  system  is 
nitrides  (also  commonly  referred  to  as 
is  made  up  of  alternate  phosphorus  and 
jugated,  unaaturated  polymer  chain,, 


by  the  group  at  N’OL  Corona, 
that  known  as  phosphinic 
phcsphonitriles )  .  liio  system 

nitrogen  atcais  forming  a  con- 
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Figure  1 


In  this  type  of  molecule,  the  phosphorus  is  pentavalent  and  vide 
variation  in  mechanical,  physical  and  chemical  properties  can  be 
obtained  by  varying  the  s'de  chain  euboli lueirts  on  the  phosphorus 
atom. 


The  various  phosphinic  nitride  compounds  vith  which  our 
Laboratory  has  been  working  are  shown  on  the  next  page. 
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Historically,  the  parent  materials  in  thin  fumil 
d  ichloropbosphini  c  nitrides,  first  made  in  1834  by  Liebig. 

Invest  molecular  weight  members  of  that,  system  are  the  t rimer  and 
tetraaer. 
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(PNCl2)g  (PNC12)4 

Figure  3 

Studies  oj.tbe .electron  diffraction  pattern, infrared 
and  Raman  spectra, and  cryntai  structure '  have  established 
the  cyclic  structure  of  both  trimer  and  tetramer.  The  trimer  ring 
is  planar,  bat  the  tetrairor  has  a  puckered  ring  configuration. 

When  (PNC] 9)3  ,,r  4  i*  heated  in  a  sealed  tube  at  270°C,^6) 
the  ring  is  ruptured  and  the  products  shown  below  are  obtained  (the 
yields  of  each  depend  on  the  length  of  heating). 
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At  3*0°C,  conversion  to  the  "inorganic  rubber"  occurs  within  an  hour. 
The  "inorganic  rubber"  bears  a  remarkable  resemblance  to  a  good  grade 
of  slightly  vulcanized  natural  rubber.  Its  clastic  quality  is  as 
good,  or  better  than  natural  rubber.  It  is  colorless  when  made  from 
pure  tritner  or  tetramer,  and  is  insoluble  in  ordinary  solvents,  but 
swells  in  benzene.  The  elastomer  is  stable  toward  acids  and  bases, 
but  is  decomposed  by  long  boiling  with  water.  A  loss  of  elasticity 
occurs  vhen  the  material  is  erposed  to  air  for  a  period  of  weeks  and 
it  eventually  becomes  quite  brittle.  Slow  heating  of  the  elastomer 
to  red  heat  converts  it  tc  a  porous  horny  mass. 

Let  us  now  consider  the  methods  by  which  the  raeobers  of  the 
phosphinic  nitride  83:3 tec  can  be  made. 

(PNCl2)3  aad  4  can  obtained^  is  satisfactory  quantities 
by  the  reaction  of  with  i  in  an  inert  solvent. 


PCI 5  ♦  NH4C1 


The  mixture  of  products  is  separated  by  benzene  extraction,  frac¬ 
tional  distillation,  and  slow  sublimation. 

(PNBro)o  ..j  4vS)  are  obtained  in  an  analogous  reaction 
between  N'H^Br  and' PD?*. 


Mixed 
the  reaction  of 


nhenvlchloroDhosphinji  c .  nitrides 
C6HbPC14  with  W!4C1 . ' 


ecu  be  obtained  by 


Fully  substituted  phenylphosphinic  nitridep  can  be  prepared 
by  the  reaction  of  diphenylphosphorus  trichloride  with  .VH4CI  in  an 
inert  solvent. 


& 
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(csH5)2rsi3  * 


Figure  6 


(10) 


The  use  c?  liquid  ammonia  instead  of  NM4CI'10'  gives  a  wore  con¬ 
venient  reaction  technique,  imonia  is  not  used  in  the  reaction  vith 
PCI5  in  the  formation  of  (BNCl2)a  be  cause  aror-aaBEosolysis  will 
occur.  The  initial  products  obtained  from  the  liquid  anenonia 
reaction  with  (Cgh*)oPCla  are  watpr-sensitive ,  chlorine-containing 
compounds  which  must  be  boated  to  abort  275°C  in  order  to  convert 
them  to  the  cyclic  dipbcnylphosphinic  nitrides.  It  is  noteworthy 
that  the  cyclic  tetramer  is  feraod  almost  exclusively. 

ftCgHg^PN^  forms  a  higher  polymer  only  when  heated  to 
temperatures  above  4C0°C.  When  it  is  heated  in  a  sealed  tube  at 
54CrC  for  short  intervals,  a  brit  l? ,  asiber  glass  is  fenced,  together 
with  a  quantity  of  benzene  equivalent  to  the  loss  of  two  phenyl 
groups  per  tetramer  molecule.  The  glassy  substance  is  insoluble  in 
all  solvents  and  resists  molding  even  at  400-500°C.  This  evidence 
strongly  suggests  that  extensive  cross-linking  must  occur.  Heating 
at  400°C  for  one  hour  in  the  air  leads  to  leer  than  loss  in 
weight,  but  prolonged  heating  in  air  leads  to  its  conversion  into  a 
tarry  mass. 

The  preparation  of  the  dieihylphosphinic  nitrides^’) 
follows  a  similar  path  to  that  outlined  for  the  diphenyl  derivatives. 
Again  the  moisture-sensitive  intermediates  are  converted  to  the 

eye!  •  compounds  by  heating  at  elevated  temperatures  (ISC-200 °C). 


The  cyclic  dialkylphosphinic  nitrides  are  unique  in  that 
they  are  water  soluble,  and  can  be  recovered  unchanged  from  a  cold 
water  solution.  When  ^PN^  is  heated  to  340°C  for  16  hours 

in  an  evacuated  tube,  a  dark,  brittle,  resinous  material  is  formed , 
together  vi*L  a  q  iai^Uy  of  ethane  gas  equivalent  to  the  loss  of  2 
ethyl  gronps  prr  crimerlc  molecule.  The  polymer  begins  to  decompose 
when  heated  above  35C°C. 

Dimethylphosphinic  nitride,  recently  prepared  by  Searle/12^ 
was  feund  to  have  properties  similar  to  those  of  the  diethyl  deriva¬ 
tive. 

% 

Another  method  of  obtaining  substituted  pbosphinic  nitrides 
involves  the  replacement  of  the  chlorine  atoms  on  the  already  formed 
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When  (PNCl2)g  or  4  is  treated  with  CflHgUgBr,  partial  or 
complete  replacement  of  Cl  occurs.  Hover er ,  the  yields  are  not  sat.ie- 
facto nr  due  to  the  tendency  of  the  Grignard  reagent  to  cleere  the 
(PNClgJg  ring  and  thus  fora  unidentifiable  tare. 

A  more  satisfactory  Cl  replacement, Reaction  occurs  when 
(PNCl2)3  and  4  ar*  treated  with  KSO2F.'-*' ' 'iM'< 

(?HC12}3  ^4^2  &*0?F  -1-°S(PWF2)3  ^4  4 

♦  2  KC1  ♦  2  SOo 


Figure  7 

Here  the  conrersion  to  (PNFg/';  and  4  i*  better  than  75JJ .  Heating 
(PN?2)3  and  4  in  an  oracuated  tub*  at  350°C  ifor  16  hours  yields  a 
clear,  colorless  elastomer  which  la  theraaily  stable  tip  to  450°C. 

The  hydrolytic  stability,  bowers-'  ,  in  rery  poor,  since  overoij.Lt 
exposure  to  the  atmosphere  coast the  material  to  a  white,  sticky 
mass  haring  little  or  no  elastic? .?*- 

The  reaction  betwera  sodium  aside  and  nalophosphines'*^ 
prorides  an  interesting  and  potentially  important  method  of  preparing 
phosphinic  nitrides. 


RgPCl  ♦  NaNg 


IV-N3] 


♦  NaCl 

T  N»> 

a* 


R  *  ceR6»  ci>  ®r 


Figure  8 


The  reaction  occurs  when  the  aside  is  -ddsd  dropwis#  to  the  heated 
halophosphine .  Nitrogen  is  erolred  as  the  intermediate  phoephorus 
aside  decomposes  to  yield  s  oixture  of  polymeric  phosphinic  nitrides. 
If  the  reaction  temperature  Is  too  low,  the  phosphorus  asids  may 
accumulate  and  explode  violently,  as  happened  in  the  reaction  of 
(^3)2^  vith  NaNg.  PC13  with  NaNg  also  yields  an  erplpuiye  compound 
(PNClgJa  yields  the  di  ssidophosphinic  oitrid.,  rPN(w3)2]3.,U7}  vben 
treated  with  NaNg. 
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Appreciable  yields  of  (ibgHgjgPNj^  are  obtained  by  this 
method  when  the  polymerized  material,  obtained  from  tbe  azide,  is 
heated  to  2"3°C, 

CflHjPC^  and  NaNo  react  to  give  a  soluble  polymeric, 
fibrous  material  of  molecular  weight  in  ezeesa  of  5,000. 

(PNBr2)x  elastomer  in  obtained  directly  by  this  method. 

In  addition  to  the  synthetic^ phase  of  the  inorganic  polymer 
program  at  NOL  Corona,  a  kinetic  studyOS)  of  the  polymerization  of 
the  dichlorophcsphi nic  nitrides  is  also  in  progress;  The  uncetalyzed 
thermal  polymerization  of  (PNCl2)3  or  4  i®  difficult  to  study  because 
result#  could  not  be  reproduced  despite  strenuous  efforts  to  control 
all  reaction  variables.  These  difficulties  were  alleviated  when  it 
was  discovered  that  a  large  number  of  organic  compounds  and  some 
metals  catalyze  the  reaction  to  a  pronounced  degree,  bringing  about 
an  extensive  polymerization  in  24  hours  at  210°C.  Among  the  cats- 
lytically  active  materials  are  ethers,  ketones,  alcohols,  and  organic 
acids,  zinc,  tin,  and  sodium. 

Bulk  polymerisnr ion  data  typical  of  (PNClgJg  are  shown 

below: 


Figure  9 

Curve  1  is  the  reaction  catalysed  by  8.4  mg  of  ether  per  gram  trimer; 
”urve  II,  2.6  mg  of  ethyl  alcohol  per  gram  trimer;  and  Curve  III,  by 
20  mg  of  tin  per  gram  of  trimer. 
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At  the  temperature  at  vhich  our  inre litigations  vere 
carried  out,  namely  210°C,  the  increasing  amount  of  polymer  being 
formed  causes  the  reaction  medium  to  be  quite  viscous,  thus  the  data 
from  tho  bulk  polymerizations  only  lend  themselves  to  mathematical 
analysis  during  the  early  stages  of  polymerization.  In  order  to 
obtain  results  more  amenable  to  kinetic  interpretation,  the  polymeri¬ 
zation  vas  carried  out  in  solution. 

Figure  10  shows  the  polymerization  data  using  benzene 
solutions  containing  22^  by  weight  of  (PNCI2);}  and  different  concen¬ 
trations  of  benzoic  acid  as  catalyst. 


Figjjre  10 


Curve  I  was  obtained  when  2,89  mg  of  benzoic  acid  per  gram  of  benzene 
was  used;  Curve  II,  5.70  mg;  Curve  Ill,  9.80  mg;  and  Curve  IV, 

13.7  mg  of  benzoic  acid. 

Figure  11  gives  the  first  order  plot  oi  the  same  data,  as 
seen  on  the  next  page. 
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Figure  11 


All  curves  appear  to  satisfy  an  equation  for  a  first  order  reaction 
with  respect  to  catalyst  concentration. 

The  values  of  the  first  order  rate  constants,  calculated 
from  the  first  order  relationships  shown  in  Figure  11  are  plotted  an 
functions  of  benzoic  acid  concentration  ia  Figure  12. 


8CNZ0IC  ACID  (MG  PER  GRAM  BENZENE) 

Figure  12 

The  rates  are  oeen  to  be  directly  proportional  to  the  concentration 
of  the  catalyst.  The  high  value  of  the  rate  at  the  lowest  concentra¬ 
tion  of  benzoic  acid  is  attributed  to  the  uncatalyzed  solution 
polymerization  of  the  trioer.,  Since  data  for  the  uncatalyzed  solu¬ 
tion  are  as  poorly  reproducible  as  those  for  the  bulk  polymerization, 
a  reliable  correction  cannot  be  made;  hnvever,  values  as  high  an  6/£ 
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polymerisation  in  100  hours  have  hern  observed,  and  rates  of  this 
magnitude  would  account  for  the  observed  elevation. 

The  comparable  effectiveness  of  the  very  different  types  ol' 
catalysts  makes  it  obvious  that  their  action  is  no*  acific.  The 
catalysis  by  metals  and  the  formation  01  hydroren  cb'  ^ide  from  the 
organic  compounds  suggest  that  the  important  step  v;  the  initiation 
is  the  removal  of  a  chlorine  atom  from  the  phosphor.  .  Thir  reaction 
must  occur  in  an  environment  where  the  chlorine  cannot  be  replaced 
by  another  s^  ible  group,  for  water  and  asmooaia  bad  only  a  « sn«.l 7 
effect  on  the  polymerization,  although  they  re ac.  readily  v i  Ih 
{1^12)3.  v^v  of  the  se  considerations,  it  appears  that  upon 
removal  0?  a  chlorine  atom  from  pho'sph*  rue. ,  zr>  .-'ciivated  species 
such  as  P3N3CI5*  i •;  formed.  The  propagnti«i  of  the  polymerization 
proceeds  when  this  active  species  reset  further  viti  other  trimer 
molecules .  The  temiiiwtion  step  could  possibly  occur  upon  combina¬ 
tion  of  two  long  chain  reactive  specie. 
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EFFECTS  OP  EI£VATED  1EMIERATURZ 
ON  ELECTRICAL  PROPERTIES  OF 
THERMO^TTINO  PLASTICS 


H.  Hand 

Navel  Material  Labor&tory 
New  York  Naval  Shipyard 
Brooklyn,  New  York 


In  recant  years,  the  evaluation  of  heat  resistance  of  elec¬ 
trical  insulation  has  become  a  subject  of  growing  interest  and  impor¬ 
tance  among  research  and  design  engineers*  Increased  interest  i*  be¬ 
ing  generated  by  the  widespread  and  continuing  trend  toward  mini?  - 
turlzation  of  electrical  and  electronic  equipment,  necessitating  the 
functioning  of  insulation  at  ever  higher  temperatures,  ^rtherroore 
the  rapid  development  of  printed  circuits,  growing  Naval  electronic 
applications,  and  space  flight  technology  have  also  served  to  create 
a  demand  by  the  Navy  and  other  Military  agencies  for  higher  tempera¬ 
ture  dielectrics  and  for  specific  engineering  informeticn  regarding 
the  behavior  of  insulating  met- riel?  at  anticipated  tsrnp  rat  urea. 
Difficulties  In  solving  these  problems  arise  from  the  wide  variety  of 
environmental  conditions  encountered  in  applications,  tbs  demand  on 
the  part  of  development  arid  design  engineers  for  concise,  yet  scien¬ 
tifically  sound,  heat  resistance  classifications  of  insulating  materi¬ 
als  and  the  disagreement  of  researchers  on  methods  of  obtaining  and 
interpreting  the  required  data. 

Recognizing  the  future  need  for  specific  information  on 
elevated  temperature  properties  of  insulating  materials  for  shipboard 
applications  the  Naval  Material  Laboratory,  under  the  sponsorship  of 
the  Bureau  of  Ships  undertook  a  program  of  investigations  to  obtain  a 
comprehensive  via*  of  the  heat  resistance  of  dielectrics.  It  was 
also  intended  that  this  program  would  promote  the  development  of  re¬ 
search  methods,  procedures  and  instrumentation  for  the  evaluation  of 
dielectric  materials  at  elevated  temperatures  as  well  as  supplying 
specific  information  useful  for  design  nurposea. 
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The  teat  program  included  the  development  of  apparatus  and 
procedures  for  conducting  elevated  temperature  measurements  of  elec¬ 
trical  properties  such  as  dielectric  strength,  dielectric  constant, 
dissipation  factor,  volume  anc  surface  resistance.  In  addition,  the 
electrical  program  was  paralleled  by  a  similar  elevated  temps rature 
investigation  of  mechanical  properties,  described  in  reference  (1). 

In  contrast  to  the  prevalent  practice  of  conducting  measure 
senta  of  properties  of  insulating  materials  at  room  temperature  after 
heat  aging,  and  often  not  considering  the  duration  of  the  heat  aging 
period,  the  Laboratory' s  evaluations  were  conducted  by  performing 
measurements  at  elevated  temperatures  and  as  functions  of  tine  of  ex¬ 
posure  at  these  temperatures.  In  addition,  special  attention  was  de¬ 
voted  to  investigating  very  short  term  exposure  effects  because  of 
unusual  behavior  obawrved  on  initial  heating  of  some  materials. 

In  accomplishing  these  investigations,  special  equipment  or 
modifications  of  conventional  equipment  were  devised.  These  included 
the  construction  of  test  chambers  for  conducting  measurements  st  ele¬ 
vated  temperature,  the  development  of  high  temperature  electrode  sys¬ 
tems,  and  the  use  of  silver  paint  and  spray  metal  electrodes.  For 
example,  the  chamber  illustrated  in  Figure  1  was  constructed  to  con¬ 
duct  dielectric  strength  measurements  in  the  direction  parallel  to 
forming  pressure  of  tbs  Malarial  under  test.  This  apparatus  consists 
essentially  of  a  thermally  and  elect  ideally  insulated  enclosure  con¬ 
taining  a  3/ii  inch  diameter  electrode  system  and  thermo  static  ally  con 
trolled  electric  heaters.  Spring  loaded,  3 A  inch  electrode  assem¬ 
blies  are  installed  in  clearance  holes  through  the  center  of  tv© 
large  ceramic  insulators.  The  upper  insulator  is  fastened  to  the  re¬ 
enforced  roof  of  the  chasbsr  and  its  electrode,  protruding  through  a 
hole  in  the  roof,  is  connected  to  the  high  tension  side  of  the  test 
voltage  source.  The  lower  Insulator,  containing  the  grounded  elec¬ 
trode  is  mounted  concentrically  on  an  insulated  stand  fastened 
through  a  hole  in  the  floor  of  the  chamber  to  a  hydraulic  Jack.  The 
opposing  faces  of  the  insulators  arc  covered  with  l/3  inch  thick 
sheet  silicone  rubber  with  1  inch  center  holes  provided  for  protru¬ 
sion  of  the  electrodes.  In  o  test,  the  specimen  is  placed  centrally 
between  electrodes  and  the  lower  electrode  assembly  hydraulically 
raised  to  compress  the  specimen  against  the  upper  electrode  assembly. 
Thus,  "flashover"  across  the  surfaces  of  the  specimens  is  Inhibited 
when  voltage  is  applied.  Although  the  specimen  is  subjected  to  a 
pressure  of  ?!?  to  £0  pel.  when  tested,  the  area  of  the  specimen  under 
the  electrodes  experiences  only  negligible  spring  pressure.  The 
equipment  ie  capable  of  withstanding  voltages  up  to  60  kilovolts  and 
operating  at  temperatures  as  high  as  2*>0C.  To  minimize  staV*  etical 
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Fig.  1  -  Dielectric  Strength  Measuring 
Apparatus  -  Front  Wall  Removed 

variability,  data  waa  taken  as  the  avorags  of  at  least  3  measurements 
for  each  test  point  on  randomly  selected  specimens. 

MATERIALS 


The  materials  investigated  were  commercially  available,  and 
commonly  used  laminated  and  molded  thermosetting  plastics.  The  lami¬ 
nates  were  cut  into  3  inch  squares  from  l/8  inch  thick  sheets  and  in¬ 
cluded  electrical  grades  of  the  following  types*  phenolic-paper 
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(PS),  phenolic-fabric  (rDC),  Mwlsmine -glass  cloth  (CTMO),  and  »Ili- 
c  on* -glass  cloth  (G&l).  Kolded  materials  v»r*a  phenolic -asbestos 
(KPT -20),  phenolic -c*Uuloee  (CFO),  melamine -glass  fiber  (HMI-S), 
alkyd -glass  fiber  (HkI-60),  ard  silicone -glass  rii»r  (MSI-30)*  molded 
into  1/8  inch  thick,  U  inch  disaster  discs* 

RESULTS 


Dielectric  strength,  measured  in  the  chamber  described,  was 
investigated  using  a  $00  volts  per  second  linear  rate  of  voltage*  rise. 
Measuremsnta  were  conducted  at  $0C  temperature  increments  et  tempera¬ 
ture  levels  of  from  $0  to  2$0C.  Dielectric  strength  was  computed  as 
the  ratio  of  breakdown  voltage  to  specimen  thickness  in  volts  per  mil 

(TP*). 


The  results  of  dielectric  strength,  short  tine  temperature 
exposure  tests  (measurements  made  during  the  first  four  hours  of  heat 
aging)  are  considered  first.  These  may  be  separated  into  three 
grrtrme.  In  the  first  catagory  are  materials  such  as  silicone-glass 
laminate,  which  show  little  change  in  properties  during  this  initial 
heating  period.  The  second  group  includes  phenolic  materials  a a 


typically  illustrated  in  Figure  2 
by  the  curves  obtained  for  phe¬ 
nolic-fabric  laminate.  With  these 
materials  e  reduction  in  die¬ 
lectric  strength  starts  almost  as 
soon  as  the  specimen  is  inserted 
in  the  preheated  test  chamber  and 
the  decline  continues  for  five 
minutes  to  four  hours  or  more, 
depending  on  material  and  ex¬ 
posure  temperature.  This  is  im¬ 
mediately  followed  by  rather  rapid 
recovery,  often  beyond  initial 
strength.  In  the  material  shown, 
a  drop  from  a  room  temperature 
value  2$Ii  to  32  vpm  was  ob¬ 
served  within  five  minutes  of  in¬ 
sertion  of  the  specimen  and  ex¬ 
posing  it  to  a  constant  tempera¬ 
ture  of  1$0C.  Paper  base  phenolic 
ct  this  temperature  and  exposure 
interval,  dropped  from  an  initial 
value  of  $10  to  63  vpm;  retaining 
only  12f  of  it  a  original  die¬ 
lectric  strength.  At  moderate 
elevated  temperatures,  such  as 


Fig.  2  -  Short-term  Ele¬ 
vated  Temperature  Die¬ 
lectric  Strength  of 
Phenolic -fabric  Laminate 
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50  and  100C,  the  lose  of  dielectric  strength  was  not  sc  rreat  as  ex¬ 
hibited  at  higher  temperatures,  however  longer  time  was  required  to 
reach  adniauB  values.  At  temperatures  of  200  and  250Ct  initial  drops 
were  often  so  rapid  that  minimum  strengths  could  not  be  measured  with 
certainty.  After  reaching  minimum  dielectric  strengths,  sorsewhat 
slower  recovery  followed.  Improvement,  often  beyond  initial  dielec¬ 
tric  strength  values,  was  still  continuing  after  1,000  hours  of  heat¬ 
ing  at  the  milder  temperatures,  but  the  trend  was  again  reversed  down¬ 
ward  within  2I4  hours  for  250C  exposure e. 
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The  third  group  of  short  interval  heat  aging  results  are 
represented  by  voided  and  laminated  ids lamine -glass  and  molded  alkyd- 
glase.  Tbs  behavior  these  materials  are  typically  illustrated  by  the 
curves  obtained  with  the  melamine -glass  molded  material  of  Figure  3* 
Here,  as  in  the  second  group,  a  very 
sharp  drop  in  dielectric  strength  was  4oor 

observed  as  soon  as  the  material  was 
exposed  to  heat,  but  contrary  to  the 
previous  group,  recovery  on  con¬ 
tinued  heating  was  email  co  that 
dielectric  strength  remained  sub¬ 
stantially  at  a  low  level.  Typical 
data  show  a  drop  frcei  385  to  oC  vpa 
in  15  minutes  of  exposure  at  150C; 
a  retention  of  only  1 6£  of  initial 
dielectric  strength.  The  maximum 
subsequent  recovery  to  1L8  vpa,  indi¬ 
cated  a  pet  loss  of  671  of  initial 

dielectric  strength.  lj  iir^ooc 
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The  results  of  dielectric 
strength  measurements  during  long 
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term  heat  aging 
following: 


indfepted  the 


Fig.  3  -  Short -terji  Ele¬ 
vated  Tbinperature  Die¬ 
lectric  Strength  of 
Melamine-glass  Molded 
Material 


Elevated  temperature  ex¬ 
posures  for  durations  beyond  the 
Initial  transient  range  eventually 
produced  progressive  dielectric 
strength  deterioration,  determined 
by  tempe  rat  tire  level  and  duration 

of  exposure.  Many  of  the  materials,  however,  did  not  follow  a  lineai 
pet  tern  of  dielectric  strength  reduction  with  h««t  aging  time,  par¬ 
ticularly  at  higher  temperatures,  under  thoae  conditions,  it  we? 
found  that  deterioration  progressed  slowly  for  several  hundred  hours 
and  then  In  a  relatively  short  period  dropped  to  a  considerably  lower 
level,  efts’-  which  slow  deterioration  was  roousod.  For  example,  in 
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Fig*  U  -  Long-term  Elevated  Temperature  Dielectric 
Strength  of  Silicon® -glass  Molded  Material 

stmeth.  although  it  is  conceivable  that  they  could  occur  boyond 
1  5)00  hours,  tha  aariaua  aging  period  Investigated.  In  marry  ca 
lone  tem  heat  aging  failed  to  produce  the  extremely  low  values  ob- 
served  during  initial  heating.  The  salient  aspects  of  these  dielec¬ 
tric  strength  measurements  are  shewn  in  Table  I. 

Many  of  the  initial  effects  noted  in  dielectric  strength 
measurements  had  their  counterparts  in  measurements  of  other  proper¬ 
ties  under  similar  circumstances.  This  was  observed  in  such  diverse 
Measurements  as  flexural  strength  (1),  dielectric  constant,  dissipa¬ 
tion  factor,  volume  resistance  and  surface  resistance.  Thus,  Figure 
5,  illustrating  volume  resistivity  of  four  laminate  materials  at 
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TABLE  I 


Salient  Re  milts  of  Dielectric  Strength 
Elevated  Temperature  Investigations 


Dielectric  Strength  ( D.S. )— Volts  per  MIL  (VFM) 
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TABLE  I  (Cont'd) 


3alient  Results  of  Dielectric  Strength 
Elevated  Temperature  Investigations 

Dielectric  Strength  (D. 3.) -Volta  per  Mil  (VFH) 
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Notes:  1.  Not  nsasureable  fcy  rasthod  used.  Minimum  value  occui's  In 
less  than  5  minutes. 
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150C,  shows  that  3  of  the  U  mate- 
rials  exhibit  characteristic  in¬ 
itial  transient  effects,  consist¬ 
ing  of  rapid  tcsporaiy  loss  of 
resistance  during  the  first 
minutes  of  heating,  followed  by 
slower  recovery  on  continued  heat¬ 
ing.  Silicone -glass  laminate 
relatively  stable  during  short  in¬ 
terval  elevated  temperature  die¬ 
lectric  strength  am  a  sure  sent  s,  al¬ 
so  exhibited  similar  stability 
with  respect  to  volume  resistance 
anid  other  elsctrical  properties. 

To  determine  idle  the  r  the 
initial  instability  effects  ob¬ 
served  were  attributable  to  under 
curing  and  therefore  subject  to 
improvement  by  further  hosting. 
Measurements  wore  conducted  to 
determine  toe  effect  of  cyclic  pe¬ 
riods  of  heat  aging.  Thermal 
cycles  at  100  and  150C.  consist¬ 
ing  of  6  hours  at  elevated  temper¬ 
ature  and  18  hours  at  room  temperature  were  repeated  three  times  on 
the  sensitive  phenolic  cellulose  (CFO)  molded  material.  Measmtssnts 
of  dielectric  constant  and  dissipation  factor  at  one  kilocycle  were 
taken  almost  continuously  during  the  six  hour  heating  periods.  Fig¬ 
ure  6  shows  the  effect  of  100C  thermal  cycles  on  dissipation  factor. 
Similar  characteristic  were  found  for  dielectric  constant  and  for.  the 
measurements  at  1$0C.  It  is  evident  from  these  curves  that  substan¬ 
tial  improvement  is  achieved  after  the  first  cycle,  resulting  in  re¬ 
duction  of  the  initial  peak  by  half.  Subsequent  cycles  produced 
minor  further  Improvement,  illustrating  that  inadequate  cure  may  be 
responsible  for  only  part  of  the  initial  thermal  instability. 

CONCLUSIONS 

As  a  rasult  of  these  investigations  it  is  believed  that  in¬ 
sulation  failure  or  malfunction  of  electrical  apparatus  «t  elevated 
temperatures  can  be  caused  by  a  form  of  transient  Instability  occur¬ 
ring  within  a  fa w  minutes  of  elevated  temperature  exposure.  The 
possibility  of  this  form  of  early  failure  is  inherent  in  specific 
types  of  insulating  materials,  and,  in  apparatus  utilising  these  ma¬ 
terials,  the  danger  of  failure  is  greatest  where  temperature  riees 
are  both  substantial  and  rapid.  Examples  of  such  situations  might  be 
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Fig.  5  -  Volume  Baal  stance  at 
155c  of  Four  Laminated 
Materials 


155 


Hand 


A 


l.«f 


\  mCNOUO  CELLULOSE  MOLDED 

\  MATERIAL 


found  in  the  electrical  equipment 
of  guided  n&ssiles,  jet  aircraft, 
proximity  fuses  and  shipboard  and 
airborne  radar.  Awareness  of  the 
possibility  of  this  form  of  fail¬ 
ure  io  needed  to  take  prenc"* < one 
against  it.  Tire  condition  is 
somewhat  alleviated  by  the  fact 
that  most  applications  of  insu¬ 
lating  materials  do  not  involve 
the  rapid  temperatures  rises  em¬ 
ployed  in  the  Laboratory  tests 
described.  In  ordinary  applica¬ 
tions  this  may  bo  sufficient  to 
carry  the  material  beyond  the 
critical  initial  heating  period. 


The  results  of  the  in¬ 
vestigations  also  indicate  that 
the  task  of  classifying  insulating 
mate rials  into  temperature  ratings 
of  heat  resistance  on  a  scientifi¬ 
cally  sound  basis  will  be  more 
difficult  than  first  anticipated. 
The  various  forms  of  initial 
thermal  behavior  of  materials  end 
the  non-uniformity  of  their  long  term  characteristics  do  not  lend 
themselves  to  the  gene  rails  at  3  ons  required  for  simple  thermal  classi¬ 
fication  of  materials  or  the  p^diction  of  life  expectancy  under 
specif iea  conditions.  For  ihr  imesdiate  future  it  appears  that  the 
selection  of  dielectric  materials  will  continue  to  require  axtonded 
testing  as  dictated  by  ths  S'uecific  envircrnsental  requirements  of  each 
new  apnlicetior. 
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Fig.  6  -  Effect  of  Thsre.su. 
*  Cycling  st  1COC  on  Rieri  = 
pat  ion  Factor  of  CFO 

Material 
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LAMI HATED  FABRICS 

STRXTURAL  MATERIAL  OF  AIRSHIP  EIVELOPES 


H.  T.  Kelly 

■aval  Air  Material  Cento 
Aeronautical  Materials  Laboratory 
Philadelphia  12,  Fa. 


Aviation  pioneers  used  laminated  fabrics  to  manufacture 
nonrigid  airships  for  first  steered  air  flight.  Since  the 
airship  keeps  its  shape  by  pressure  of  the  lifting  gas,  these 
pioneers  had  considerable  difficulty  with  change  of  shape  after 
inflation  that  could  only  be  corrected  by  tailoring.  In  addition, 
and  more  important,  stresses  applied  by  the  rudder  when  turning 
could  bend  the  airship  and  nullify  the  effect  of  the  rudder.  To 
solve  these  problems,  studies  of  weave  design  and  biaxial  loaning 
effects,  the  first  scientific  analysis  of  a  textile  material,  were 
performed  in  the  period  of  1910  to  1915* w*  From  those  studies 
developed  high  strength  balloon  cloths  woven  in  plain  and  basket 
weaves,  diagonal  lamination  to  control  elongation,  and  use  of  left 
and  right  bias  laminations  in  alternate  panels.  These  improvements 
in  fabric  design  eliminated  elongation  problems.  However,  as  larger 
airships  could  then  be  more  readily  designed  in  the  rigid  type, 
there  was  little  development  work  on  nonrigid  type  airships  until 
World  War  II.  The  laminated  fabrics  used  in  nonrigid  airships  of 
19^0  to  1950  were  similar  to  the  earlier  materials  except  that 
neoprene  was  used  in  place  of  natural  rubber. 

The  development  of  electronic  means  of  submarine 
detection  and  use  of  airships  as  mobile  radar  in  the  early  warning 
network  necessitated  the  development  of  larger  airships.  These 
sirships  are  required  to  be  on  patrol  duty  for  longer  continuous 
periods;  hence,  on  a  yearly  basis,  the  fabric  is  subjected  to  more 
weathering.  The  large  size  of  these  airships  results  In  a 
considerable  loss  of  helium  as  the  laminated  cotton  fabric  has  a 
♦lumbers  refer  to  literature  cited 
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loss  of  l/8  cubic  foot  per  square  yard  par  24  hours.  The  high 
strength  fabric  requirement  for  these  airships  has  been  met  by  use 
of  two  layer  cotton  laminated  fabrics.  A  6  ounce  per  square  yard 
cotton  cloth  Is  used  for  both  plies  of  the  fabric  for  ZFG-&J  early 
warning  airships  of  1,000,000  cubic  foot  volume  while  7*5  and  8.0 
ounce  per  square  yard  cloths  art  used  for  ZPG-3V  airships  of 
1,500,000  cubic  foot  capacity.  The  heavier  cotton  yarns  in  these 
cloths  produce  a  rough  surface  so  that  wxog  amounts  of  coatings 
previously  used,  tba  pcrssabiiity  and  weather  resistance  have  not 
been  entirely  satisfactory.  To  avoid  use  of  increased  coating, 
work  was  directed  to  the  selection  of  high  strength  synthetic 
textile  materials  of  a  smoother  nature. 

The  number  of  synthetic  textile  fibers  has  increased  in 
the  few  years.  However,  on  a  basis  of  strength  and 

commercial  availability,  consideration  is  limited  to  use  of 
continuous  filament  nylon,  Dacron,  Fortisan  and  glass  fibers.  The 
strongest  fiber  is  nylon,  whose  strength  is  slightly  more  than  twice 
that  of  cotton. 

The  strengths  of  glass.  Dacron,  and  Fortisan  are 
approximately  equal,  6  to  7  grama  per  denier,  when  considered  on  a 
strength-weight  basis  and  are  only  slightly  lower  in  strength  than 
nylon  yarna.\2)  strengt.hwise,  laminated  fabrics  from  any  of  these 
synthetics  should  be  suitable  and  in  fact  several  airship  envelopes 
have  been  affide  of  Forties”  cloths.  Moreover,  the  strength  of 
textile  materials  is  affected  by  atmospheric  cocdltionsT  Moisture 
has  an  appreciable  effect  as  nylon  loses  10  percent  and  Fortisan 
and  glass  lose  15  percent  of  their  dry  strength  by  being  wet. (2) 

The  strength  of  Dacron  is  not  changed  by  moisture  while  cotton  has 
a  10-30  percent  high  strength  when  wet.  The  high  temperature  which 
result  from  absorption  cf  radiant  energy,  such  as  the  wing  of  a r> 
aircraft  reaching  193  *F  in  Tucson,  A  y  5  7- On®  wJ  k?  1  w  4-Vmb  f 

reported  '2'  to  effect  the  strength  ??f  these  fibers.  The  effect  of 
temperature,  however,  is  important  when  evaluating  the  laminated 
fabric  because  softening  of  the  fib*r  or  loss  of  adhesion  can  reduce 
strength  at  high  temperatures.  Laminated  fabric*  of  Fortran  were 
found  to  have  a  4^  percent  loss  in  strength  and  a  50  percent  loss 
in  adhesion  when  tested  ct  140 ’F.  On  the  other  hand,  strength  and 
adhesion  performed  at  room  temperature  on  this  Fortisan  fabric 
after  exposure  at  158*F  for  6  days  gave  results  equal  to  initial 
test  values. 
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Another  basic  property  for  an  airehlp  fabric  is  lov 
elongation.  Cotton,  Fortlaan,  and  glass  fibers  have  approximately 
7  percent  elongation  at  ultimate  strength.  The  elongation  of  nylon 
and  Dacron  fibers  depend  upon  the  degree  of  orientation  received 
during  manufacture.  The  high  tenacity  type  of  Dacron  has 
approximately  13  percent  elongation  vhile  elongation  of  high 
tenacity  nylon  Is  18-23  percent  at  ultimate  strength.  Taa  stress- 
strain  curve  for  Dacron,  however,  atovs  that  the  najor  part  of  the 
elongation. occurs  after  85  percent  of  the  ultimate  load  has  been 
applied.'1*'  Thus,  under  operating  load  conditions  in  an  airship, 
the  elongation  of  Dacron  cloths  vculd  be  less  that  that  of  cotton 
cloths.  The  fiber  elongation  also  affects  flex  and  crease  resistant 
properties.  Bending  yarns  of  lov  elongation  fibers  vili  stress  the 
fibers  on  the  outside  of  the  bead  beyond  Its  rupture  point.  This 
effect  is  severe  on  glass  fiber  yarns  and  to  a  leaser  extent  on 
Fortlsfcs  yams.  Since  the  large  envelope  site  will  result  in 
considerable  creasing  and  folding  during  manufacture  and  erection, 
glass  and  Fortisan  cloths  were  not  considered  for  this  application. 

The  cloth  properties  are  governed  by  the  strength  necessary 
to  conform  to  airship  design  requirements.  Since  envelope  weight 
subtracts  free  the  available  lift,  the  envelope  cannot  be  subjected 
to  a  high  weight  disadvantage  resulting  from  high  factors  of  safety. 
The  maximum  operating  pressure  in  an  envelope  is  designed  to  set 
fabric  stress  at  25  percent  of  the  fabric' s  ultimate  strength.  This 
strength  is  determined  on  cylinder*  8  inches  in  diameter  and  15 
inches  long,  tested  under  rapid  loading  of  5  to  10  seconds.  Time 
load  studies  based  on  I  x  6  inch  specimens  have  indicated  that 
application  of  the  maximum  designed  load  for  8  to  10  years  would 
cause  failure* g ovcvcr,  maxiaur  load*  am  only  allied  for  short 
periods  (  1  minute)  And  specimens*;  removed  from  airships  have  net 
shown  strength  losses  that  could  be  attributed  to  sustain*©  loads. 

Tbs  airship  lor  which  an  improved  fabric  was  initially 
desired  was  the  BS2G-1  design.  This  ^rvelope  has  i  total  length 
of  282  feet,  a  vax:^ua  diameter  of  67  reet,  and  a  volume  of 
650,000  cubic  feci.  The  fabric  stress  is  at  \  «.xiauu  during 
ascent  when  the  gas  pressure  is  at  3.5  inches  of  water.  The  *T.bric 
stress  under  these  conditions  is  66  poisi-is  par  inch  in  warp  anc' 

58  x rounds  per  inch  in  filling.  Therefore,  the  nominal  strength 
requirement  in  the  directions  of  the  inner  (straight)  cloth  is  265 
pound*  per  inch  in  Uo-.-p  and  220  pound*  per  inch  in  filling.  This  .* 
equivalent  to  loads  of  12,000  to  15,000  psi.  The  cotton  cloth 
previously  used  for  both  plies  in  the  laminated  fabric  weighed  five 
ounces  per  square  yard  and  was  woven  in  a  4  x  1  twill  weave. 
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The  ■^■*<**1  weight  of  this  laminated  fabric  was  l8.8  ounces  per 
square  yard  of  which  6  ounces  per  square  yard  consisted  of  neoprene 
betwesa  tfcs  plies. 

The  properties  of  a  cloth  are  affected  by  its  weave  as  it 
governs  the  surface  cksrar  tori  sties  tsd  y*rs  istsrictlo?:  ftui 
cloth  permeability,  adhesion  of  the  coating,  weather  resistance,  and 
breaking  resistance  strength  sad  «los*v*ti are  modified  by  the 
weave.  The  type  of  yarn  and  degree  of  twist  also  affect  surface 
characteristics.  Thus,  selection  of  cloth  details  srost  be  based  on  a 
combination  of  factors  and  no  one  construction  can  be  bald  to  be  the 

options* 


The  desired  cloth  construction  fron  a  n&nur’acturisg  aspect 
is  one  that  would  permit  its  use  la  both  plies.  The  unavailability 
of  yarns  of  suitable  strengths  and  dealers  to  obtain  desired 
strength  ant  optimum  surface  conditions  prevented  this  type  of 
construction.  Thus,  a  heavier  cloth  f  or  "wiiw  straight  direction  was 
developed.  This  cloth  weighed  t.35  ounces  per  square  yard  and  was 
woven  in  2  x  2  basket  weave  from  type  pi  macron,  xiae  nominai 
breaking  strength  by  the  strip  method  was  205  pounds  per  inch  In 
warp  and  filling  directions.  A  elefch  weighing  3*35  ounces  per 
square  yard  and  woven  in  a  3  *  2  twill  weave  from  type  55  Dacron  was 
developed  for  the  outer  ply.  This  cloth  had  e  strength  of  110 
pounds  in  the  verp  and  100  pounds  in  the  filling.  The  strength 
of  the  outer  bias  cloth  is  proportionately  lower  than  that  of  the 
inner  cloth  since  high  strength  type  51  D*cro«  yarns  of  -the  neces¬ 
sary  denier  were  not  available,  file  smooth  nurfj.ee  of  continuous 
filament  yarns  produce  a  flatter  fabric.  Thus,  less  coating  la 
necessary  on  D.r.cron  cloths  for  permeability  &nd  weathering  resistance. 
In  order  to  improve  weather  resistance  of  this  Dacron  fabric,  the 
outer  surfaces  were  coated  more  heavily  than  is  custseary  with  cot¬ 
ton  airship  fabrics.  In  addition,  the  aluminized  coating  layer  was 
compounded  of  chlorosulfonated  polyethylene  known  ecssnercially  as 
Hyp&lon.  This  coating  has  good  ozone  resistance  «nd  should  provide 
good  weather  resistance. 

This  lea-'*  on  ted  fabric  of  Dacron  has  a  slightly  higher 
cylinder  bursting  strength,  half  the  permeability,  and  weighs 
approximately  3*0  ounces  per  square  yard  less  than  the  CvM|Ku'ttulC 
cotton  lsminated  fabric.  This  weight  reduction  results  in  a  weight 
saving  of  slightly  over  800  pounds  for  a  ZS2G-1  envelope.  The 
weight  reductions  on  larger  airships  will  be  greater  as  high 
tenacity  yarns  will  be  used  in  t^tb.  plies.  Studies  are  bow  in 
progress  to  determine  the  minimum,  cor/oing  weight  for  peracability 
and  ve&taerinf  properties. 
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The  perse ability  of  the  laminated  fabric  can  be  affected  by 
the  shearing  streaaea  applied  during  aervice.  Some  fabrics  developed 
for  airship  envelopes,  have  shown  a  considerable  increase  in  permea¬ 
bility  whsn  tested  under  tension*  When  the  tension  ia  removed  the 
fabric  rapidly  returns  to  a  low  permeability  state.  The  tenaione 
in  this  test  are  applied  in  the  warp  and  filling  direction  of  the 
inner  cloth.  Thus  the  shear  stresses  on  the  inner  coating  layer  i»re 
small.  To  increase  coating  shear  stresses,  a  test  axis  of  30°  to  t  .tic 
filling  of  the  inner  cloth  vas  selected  for  a  cyclic  application  of 
load.  This  direction  is  used  as  elongation  of  the  fabric  is  higher 
since  the  load  is  carried  by  filling  yams  of  both  plies.  The  speci¬ 
men  is  cut  in  a  "dumbbell"  shape  6  inches  wide  at  the  4  inches  long 
central  portion  and  flaring  out  yo  &  10-inch  width  at  the  cads.  A 
load  to  25  percent  of  the  breaking  load  of  an  ldentictu.  speci- 

i*  applied  at  30  cycles  a  minute.  A  total  of  10,000  cycles  are 
applied  with  the  t^ecl^n  at  lHo°F,  The  permeability  of  fabrics 
subjected  to  this  cyclic  t-sst  Iwt*  shown  good  correlation,  with  per¬ 
meability  of  similar  constructed,  fabrics  removed  from  airships. 

The  evaluation  procedures  performed  on  the  Dacron  laminated 
fabric  trs  based  on  conditions  occurring  during  airship  service. 
However,  in  service  these  various  conditions  usually  occur  simul¬ 
taneously  and  are  not  duplicated  by  various  combinations  of  labora¬ 
tory  teats.  Thus,  exposure  in  service  is  necessary  for  n  complete 
evaluation.  The  ZS2G-1  airship  of  laminated  Dacron  fabric  has  been 
in  service  less  than  a  year  so  that  only  limited  information  is 
available.  The  helium  records,  however,  indicate  that  the  loss  of 
helium  is  considerably  less  than  that  experienced  with  cotton 
laminated  airship  fabric.  Development  of  Dacron  laminated  fabrics 
for  the  larger  airships  is  continuing  and  it  is  expected  that  all 
near  future  airships  will  be  of  Dacron. 
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FOREIGN  WOODS  OF  INTEREST  TO  THE  NAVY 
FOR  SHIPBUILDING  APPLICATIONS 


J*  M.  Richolson 
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A.  V4  Cisek,  Jr* 
Naval  Material  Laboratory 
Now  York  Naval  Shipyard 
Brooklyn,  Now  York 


INTRODUCTION 

It  would  aeon  that  wooden  vessels  have  all  but  disappeared 
fro®  the  modern  navy,  and  wood,  itself,  appears  to  be  an  smehT^ale* 
in  a  navy  of  super-carriers ,  fleet  ballistic  missiles  and  aboaio- 
powered  submarines* 

This,  however,  is  far  from  true*  Wood  played,  sad  still 
plays,  a  vital  role  a*  a  basic  raw  material  in  ot*r  Ns? y  as  well  as 
in  other  branches  of  the  Defense  Department*  During  World  War  II 
wood  was  first  in  volume  and  second  in  tonnage  of  raw  materials 
needed  for  all  types  of  Naval  construction  afloat  and  ashore* 

But  with  the  compelling  exigencies  of  t&rld  War  II  drastic 
changes  were  wrought  in  the  use  of  wood  as  an  engineering  material 
in  Naval  construction*  The  historical  craft  methods  of  fabricating 
tnXaucuLi  ifittucrB  mid  f«*Liotiing  them  intr  snipe  and  boats  were  seri¬ 
ously  modified  01  abandoned  completely*  New  concepts  in  vessel 
design,  embodying  unconventional,  but,  nevertheless,  round  engineer¬ 
ing  practices,  resulted  in  mass-production  techniques  which  enabled 
the  Navy  to  build  ever  iiO„COO  wooden  boats  find  ship?  during  that 
period.  This  was  made  possible  through  comprehensive  research  an d 
development  programs  leading  to  improvements  in  laminating  and  glu¬ 
ing;  preservation  against  decay,  flro  and  marine  organisms;  fasten¬ 
ing  systems  an d  bending  of  wood  to  form* 


164 


Eleholscn,  Ittliaa  *  C-ifcwk 


The  outbreak  of  the  lorean  hostilities  g«ru  queued  iKpatue 
to  the  ooneept  of  wood  &a  m  engineering  material*  TTti  lining  the 
structural  capabilities  of  wood,  an  entirely  asv  ulaao  of  alaa- 
•wsepera  wa  conceived  and  construe  tad  in  which  wood  was  the  princi¬ 
pal  material. 

Today  teak  is  at  ill  the  best;  wood  for  decking  on  cert*  n 
classes  of  subnarlnea.  Teak  laminated  to  Douglas  fir,  or  Dougi**  fly 

glORS,  wrmrioiaflt  4h*  ujm>  porH  or  rtf  fh*  fliffct  of  the  Enrsu: 

class  carriers.  White  oak  is  the  prise  structural,  wood  for  the  fr^f'se 
and  keels  of  mine sweepers ?  Mahogany,  cypress  and  Alaskan  cedar  may 
be  found  as  planking  in  the  hulls  of  the  smaller  wooden  boats.  White 
pine  nakes  an  excellent  templet  wood  for  laying  cut  steel  ship  ex¬ 
ponents.  The  ease  of  working  and  dimensional  stability  farror  maho 
gany  and  white  pins  for  pattern  making  while  croc  sot*  <i  southern 
yellow  pine,  white  oak  and  greenheart  are  in  use  as  piling  or  as  the 
he  ary  structural  timbers  of  piers,  wharves  and  dry  docks. 

In  addition  to  these  specialised  uses,  millions  of  board 
feet  of  lumber  are  consumed  annually  by  the  Mary  In  a  myriad  of 
Industrial  operations. 

The  diminishing  supply  of  the  present  Mary  woods  in  th* 
quality  end  dimensions  required  for  Alp  and  boat  construction  has 
prompted  a  continuing  search  by  Newel  activities  *w  basic  informa¬ 
tion  on  alternate  spades.  The  extensive  tropical  and  sib-tropical 
forests  offer  t’n  best  prospects  for  finding  such  woods  since  tnov 
comprise  tho  most  extensive  and  diverse  stance  of  timber  in  the 
world.  It  br,s  been  estimated  that  the  tropica  contain  mors  than  3 
billion,  liOC  million  acres  of  product! vs  forests  consisting  of 

thousands  Of  SpsClis*  ««E>y  of  thw  55  SpSSiSS  SppSSZ1  to  yOBaveB  uc— 

drab's  but  adequate  technical  data  are  available  for 

relatively  fev„  Fyes*  whet  is  known  about  them,  and  from  what  Infor¬ 
mation  la  being  leveled  on  this  and  similar  progr«cc  at  other  labo¬ 
ratories  these  are  axifwsfc? cm  that  certain  tropical  species  equal, 
or  are  superior.,  in  jucay  respeets  to  the  traditional  Naval  woods  not" 
in  use  c 


Tho  flow  chart,  Fig.  1,  illustrates  the  organisation  of  the 
Bureau  of  Ships  foreign  wood  program  and  part  played  in  it  by  the 
Naval  Material  Laboratory. 

The  program  has  been  demised  to  progressively  screen  out 
unpromising  species  as  technical  information  is  developed  on  them 
and  to  continue  research  on  those  selected  unit!,  ultimately,  xh© 
most  qtaslified  speedes  are  placed  in  service.  The  initial  selection 
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ia  nade  fro*  information  supplied  by  Importer e  of  foreign  timbers, 
or  by  local  users  in  the  countries  to  which  the  species  is  indigenous 
or  fro®  references  to  the  wood  in  technical  or  trade  journals.  Upon 
authorisation  by  the  Bureau  of  Ships  a  preliminary  stuiy  is  then 
undertaken.  This  oonsists  of  a  Bare  thorough  search  of  the  litera¬ 
ture  and  Halted  laboratory  testing  of  certain  Bajor  physical  «ud 
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Pig.  1  Organisation  of  BUSHIPS  foreign  wood  program 


mechanical  properties  to  determine  if  further  ijrrestigs&ion  is  war¬ 
ranted.  A  favorable  rayort  initiates  s  cvopret^slve  evaluation  cf 
the  wood's  physical  and  meohanical  properties  in  the  green  and  air- 
dry  condition  of  aoisture.  These  are  ascertained  by  the  established 
.43134  test  procedures.  The  results  are  reviewed  and  compared  against 
a  background  of  similar  information  generally  .Trail able  frea  litera¬ 
ture  for  the  traditional  ahipbuilding  woods.  Following  this  phaso, 
the  were  premising  species  are  scrutinised  for  their  behavior  under 
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coalitions  pertinent  to  Naval  u«e.  rbeae  invest^ 
individually  in  the  flow  chart  under  "SPECIAL  NAVAL  /flDPERTIES  . 

Those  conducted  at  ths  Naval  Material  Laboratory  area  westering  a»3 
abrasion  resistance,  fire  resistance,  fastening  rrreng th,  corroairity 
of  wood  to  metal  and  stema-bsnding  tc  fo?m.  Those  studies  conducted 
at  other  laboratories  are  concorrsd  riih  deccy  resistance,  aa3i.ne^ 
borer  resistance,  preservation,  gluing  and  laminating,  and  natural 
weathering*  T*p<®  ocaupleti®  of  this  stage,  or  scastlsec  concur  rent 
with  it,  experimental  service  applications  any  be  authorized  for  the 
species  in  Question*  Finally,  if  the  ^>od  ha??  shot®  high  qu&j_^trf  in 
all  thsse  respects,  it  is  accepted  for  Naval  use. 


The  species  now  being  processed  through  the  progrmo  and  the 
geographical  areas  to  which  these  woods  aro  native  are  indicated  in 
the  world  »_-p.  Fig.  2*  The  traditional  shipbuilding  woods  ar^itAah, 
nhite  oak,  mahogany,  Douglas  fir,  cypress,  and  Alaskan  cedar.  The 


Fig.  2  Distribution  of  species  currently 
in  foreign  wood  program 


South  American  species  are :  courbaril,  angelique,  and i rob a,  yellow 
ganders ,  freijo,  deteraia,  greenheart,  and  corisa.  Those  frew  Africa 


167 


Richclaon,  Kallas,  Cisek 


arc:  akki,  kokrodua,  Liberian  pine,  Liberian  oak,  and  wXsiaore,. 

Most  or  the  work  on  the  physical  and  mechanical  props rtiaa 
of  these  woods  ha a  been  evaluated#  Values  far  their  mechanic*!  prop¬ 
erties  are  shown  in  Tables  1  and  2. 
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The  bar  graphs.  Figs.  3 f  k,  5  and  6,  illustrate  a  typical 
evaluation  of  the  present  and  potential  alternate  species  used  » 
structural  members,  planking,  and  decking  for  boats*  Mid  ships  and 
marine  timbers  for  heavy  construction,  respectively#  For  the  purpose 
of  these  illustrations  only  four  properties  have  been  included. 

rrsXittinsry  to  investigating  the  foreign  woods  for  those 
special  Naval  rrop-?rt3^8  for  which  the  Naval  Material  Laboratory  is 
responsible,  it  was  necessary  first  to  develop  new  testing  teelffliqnes 
for  these  properties  since  there  were  not  standards  similar  to  the 
ASOf  procedures  for  the  mechanical  properties  of  wood#  With  these 
techniques,  reference  values  were  obtained  for  the  present  navy  woods. 
These  vrlues  are  discussed  for  four  of  the  five  special  Naval  " 
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properties,  the  first  of  tfiich  is  weathering  and  abrasion  resistance* 
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IsEATHERINO  AND  ABRASION  RESISTANCE 

It  has  bean  d»on«trated  that  the  abrasion  characteristics 
of  a  wood  under  he  ary  traffic  are  altered  when,  in  addition,  the  wood 
is  exposed  to  the  deteriorating  effects  of  outdoor  weathering*  These 
conditions  ere  continually  present  in  wood  used  as  the  flight  decks 
of  carriers  or  the  weather  decks  of  other  Teasels*  This  investiga¬ 
tion  attempted  to  quant itstively  estimate  the  deterioration  die  to 
weathering  and  to  detexiiina  the  rate  at  which  the  weatbsrod  surface 
was  being  abraded*  Teak  and  Bouglaa  fir  were  selected  as  the  refer¬ 
ence  species  since  they  are  the  predominant  decking  woods*  The 
abrasion  phase  has  yet  to  be  completed*  But  vhe^  it  is  finished 
these  procedures  will  be  employed  in  similar  inyeetigsvions  of  the 
tropical  woods  potentially  suitable  for  deckings. 

Essentially,  the  weathering  atjww  consistfid  of  treating  the 

surface  of  unweathered  and  laboratory  weathered  teak  and  Douglas  Hr 
with  a  radioactive  isotope  eolutLoi  and  determining  the  activity  rat® 
of  each  as  then  sections  were  sliead  fro®  tho  surface  with  a  micro¬ 
tome  until  the  background  activity  was  reached*  Tbs  instrumentation, 
shown  in  Figure  7,  consisted  of  a  mlcrehoaa,  Part  A,  for  sequential 
sectioning  of  the  test  surface,  a  TOC  geiger  tube*  Part  B,  mounted  so 


Pig*  7  Instrumentation  used  in  conjunction  with  radit, 
isotope  tracer  technique  for  determining  weathering 
characteristics  of  wood* 
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as  to  enable  it  to  b*  swing  over  thn  test  eurface  whan  the  activity 
count  vu  read  and  awtty  when  the  teat  surface  was  being  sectioned, 
and  a  scaling  unit.  Part  C,  for  recording  the  activity.  The  basic 
steps  in  the  procedure  were  as  fbllows:  The  four  aides  of  the  test 
block  Hero  coated  with  a  paraffin  rax  and  the  surface  to  be  evaluated 
was  sealed  with  a  proprietary  silicon  compound  to  prevent  absorption 
of  the  isotope  solution  beneath  the  surface.  The  use  of  silicon  com¬ 
pound  did  net  occlude  the  cavities  in  the  surface  nor  alter  its  con¬ 
tour.  Radioactive  phosphoric  acid,  sdth  a  little  aerosol  added  as  a 
vntting  agent;  was  flowed  onto  the  surface  in  excess  and  the  treated 
block  centrifuged  tc  reserve  the  excess.  Centrifuging  was  continued 
until  a  constant  activity  count  was  established;  The  preparwi  block 
was  carefully  oriented  in  the  microtome  and  an  initial  count  taken. 

A  30  micron  section  was  removed  by  slicing  with  the  microtome  knife,. 
Alternately  thereafter,  counting  and  slicing  were  continued  to  back¬ 
ground. 


The  following  results  were  obtained!  Figure  6  shows  the 
re  milts  for  teak  and  Figure  9$  those  for  Douglas  fir.  The  shaded 
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Fig.  6  Results  for  the 
accelerated  weathering 
of  teak. 


Fig.  9  Results  for  the 
accelerated  weathering 
of  Douglas  fir. 
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areas,  which  represent  the  volume  of  weathered  wood  removed),  In¬ 
dicate  that  teak  weathers  approximately  three  ties;  better  than 
Douglas  fi~  find  shipboard  experience  testifies  to  the  superiority 
of  teak. 


Verification  of  the  sensitivity  of  the  radici^ctope  tracer 
technique  in  measuring  the  weathering  effect*  demonstrated  in  a 
series  of  associated  experiments.  The  first  experiment  showed  that 
the  major  deterioration  produced  by  natural  weather  aging  of  wood 
could  ba  reproduced  by  exposure  In  the  Laboratory’s  accelerated  light 
and  weather  aging  apparatus.  The  results  are  illustrated  in  Figures 
10  and  11.  The  first  shows  the  change  in  teak  before  and  after  aging; 


Fig.  10  Surface  of  teak  before  and  after  accelerated 
weathering. 

the  proliferation  of  surface  checks  and  erosion  of  tho  softer  oaren- 
chymatomoua  tissues  are  evident.  The  second  reveals  similar  changes 
in  Douglas  fir  with  the  accompanying  effects  of  "raised  grain* 
common  in  the  natural  weathering  of  softwoods.  The  record  experiment 
indicated  that  the  ssount  of  surface  deterioration  induced  by  accel¬ 
erated  weathering  could  be  integrated  by  the  radioisotope  tracer 
technique  into  a  quantitative  measure  of  this  deterioration.  To 
test  this,  seta  of  wood  blocks,  sawn  from  material  which  had  been 
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Fig*  11  Surface  of  Douglas  fir  before  and  after  accelerated 
weathering* 

previously  planed  smooth,  were  individually  scored  with  1,  2 ,  lip  8 

«.— J  14  - L— n  T  4_  *  ..^L4_.  4.  .  —  *  J!^.4LV.  1  /*»*>  4— >- 

»mmT— I  dtoW  wvT3»*  — Aa  — »  —Mb  *  —  — ***w«Vi*  *—  *  —  —eve—  vm  — •/  >>•-  * 

Initial  activity  counts  were  made  on  each  block  of  each  sat;  t ha 
average  initial  count  of  eech  set  of  blocks  vara  plotted  against  the 

immSw?  wf  grGvTii*  Tun  iooviuS  iiiOwu  •  liolif  luorpS*#  iii  mctivi-v/ 

with  an  increase  in  the  number  of  groove  "a  TSso  third  experiment 
demonstrated  that  tbs  depth  of  surface  deterioration  could  be  deter¬ 
mined  by  probing  with  the  tracer  solution*  To  confix*  this,  blocks 
similarly  prepared  to  those  above,  vers  secucntislly  sectioned  in 
the  microtome  and  the  ntmfcer  of  sections  required  to  be  removed  to 
reach  background  activity,  was  recorded*  Each  section  averaged  30 
microns  in  thickness.  The  average  number  of  sections  removed 

multiplied  by  30  microns  equalled  0*0337  inch  which  is  within  8  per 
cent  of  1/32  inch*  Koreovar,  it  i&  of  interest  to  note  that  tfca 
number  of  sections  required  to  reach  background  for  unmethered  teak 
and  Douglas  fir,  vhsa  multiplied  by  30  microns,  coincided  well  r& th 
the  diameters  of  their  largest  wood  colls  which  would  nbov  as  troughs 
in  the  surface  of  wood  planed  smooth* 

FASTENING  STRENGTH 

It  became  evident  early  in  the  investigation  of  fastening 
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strer^th  that  the  standards  developed  for  lnctu£  vrial  uae  with  the  low 
to  moderately  dens*  0.S. -grown  woods,  using  ttr<tl  screws,  were  not 
directly  applicable  to  the  high  denalty  tropical  woods  for  which 
naval  construction  requires  the  invert!  on  of  softer  sstsl  »<ur« ws  aucii 
as  silicon  brona^  and  brnaa.  As  the  screw  in  driven  deeper  into  the 
wood,  driving  resistance  Increases  (Figures  12,  13  and  la)  and,  if 
sufficiently  high,  way  result  in  torsional  failure  of  the  fastener. 
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Fig.  12  Reduction  in 
driving  resistance  due 
to  lubrication  ax  the 
screw  before  insertion. 


Fig .  13  Reduction  in 
driving  resistance  otic  to 
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Driving  resistance  way  be  considerably  reduced  by  the  use  of  a 
lubricant  (Figure  12).  It  is  less  with  the  lower  density  uoi«ds 
(Figure  13)  and  alao  decreases  with  an  increase  iu  ti»  siae  of  the 
lead  hole  (Figure  lb). 

But  the  over-riding  factor  is  the  lead  hole  si*e  -  if  it 
i*  too  s*?sll  either  tbs  sci-ww  stay  fail  in  uriving  or  the  wood  xnay 
split}  if  too  large,  holding  power  is  lost.  Consequently  there  is 
an  optimum  si  se  for  the  lead  hole.  These  were  empirically  deter¬ 
mined  for  each  foreign  wood  before  the  fastening  strength  value 
for  the  wood  was  investigated.  The  results  for  fastening  strength 
show  that,  as  a  group,  the  tropical  woods  exceed  the  traditional 
woods  in  screw-holding  power.  This  observation  was  further  explored 
in  a  atudy  of  the  relationship  between  specific  gravity  and  fasten¬ 
ing  strength  with  values  abstracted  from  the  literature.  The  results 
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of  this  study  are  shown  in  Figure  15.  The  Wood  Handbook  equation 
represent*  predicted  values  for  holding  power  derived  fro*  experi¬ 
mental  data  on  dOMstic  woods,  the  bulk  of  which  lie  in  a  specific 
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Fig,  ill  Reduction  in 
driving  resistance  screw 
due  to  an  increase  in  the 
lead  hole  size. 


Fig.  15  Relationship  be¬ 
tween  fastening  strength  of 
wood  and  its  specific  gravity 


gravity  range  between  0,1^0  send  0,70.  The  Material  Labor  at  ory  equa¬ 
tion  is  lower  than  that  computed  from  the  data  for  tropical  woods 
taken  from  the  literature  since  in  the  latter  case  holding  power 
value*  were  obtained  with  ferrous  screws  of  abort  length, the  combina¬ 
tion  of  which  permitted  the  use  of  smaller  lead  holes. 


CORROSIVITY  OF  WOOD  TO  METAL 


Wood  and  metal  in  intimate  contact  in  a  marine  environment 
undergo  a  deterioration  which  involves  electrochemical  reactions 
that  Induce  metallic  corrosion  and  degeneration  of  wood  fibers  in 
the  immediate  vicinity  of  the  metal.  When  it  occur*  in  wooden 
vessels,  it  is  commonly  referred  to  as  "nail  sickness"  since  it  is 
most  frequently  found  in  association  with  metal  factaners.  In 
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advanced  cases  leakage  around  the  faatet«*r  mav  \ •rviaeut.  vhe  joint 
■ay  becc®e  slack  resulting  in  u  structural  weainicsa  which  may  become 
aggravated  by  the  working  stresses  of  the  vestal  to  u  poi.nl  vb^re 
the  Teasel  is  no  longer  seaworthy. 

Exposed  to  conditions  which  .  farer  corrosion  In  »  w&rin© 
enviroiaaent ,  all  woods  are  subject  to  electrochemical  attacks  Woods 
differ,  however.  In  their  ability  to  resist  such  attack  mi  in  their 
inherent  corrosiveness  to  verieus  metals.  In  this  investigation  a 
technique  was  developed  for  determining  the  relative  corrosivity  of 
various  woods  to  different  clashes  of  netal  screws.  Test  specimens 
were  prepared  from  each  kind  oi‘  wood  with  five  classes  of  screws; 
each  specimen  consisted  of  a  wood  block,  1*1x2  inch**),  and  an 
embedded  screw  countersunk  and  cap  .at  with  a  wood  plug.  Three  sets 
of  aped  me  ns  were  prepared;  one  set  was  placed  in  an  accelerated 
corrosion  test  cabinet  and  subjected  to  continuous  salt  fog  humidity 
at  a  temperature  of  95°F»  A  second  set  was  iamersed  in  salt  water 
at  room  temperature.  This  set  end  the  salt  fog  humidity  set  were 
■  composed  of  specimens  containing  screws  lubricated  with  a  beeswax 
compound  before  insertion.  The  third  set  was  also  lamerssd  in  salt 
water  but  consisted  of  epedLsmrs  with  unlubricatsd  screws.  Lubrica¬ 
tion  of  screws  to  ease  insertion  is  a  comnon  shipyard  practice  and, 
therefore,  was  included  in  the  tost  procedure.  The  screws  were 
carefully  cleaned  and  weighed  before  insertion,  Periodically,  eight 
specimens  for  each  wood  block-screw  combination  were  removed  from  the 
test  conditions.  The  blocks  were  then  split  open,  and  the  screws 
extracted.,  chemically  cleaned,  and  rewalghed.  ‘The  ner  cent  Liss  in 
weight  of  metal  was  interpreted  as  a  measure  of  tfco  corrosivity  of 
the  wood. 


The  reference  values  obtained  with  the  traditional  ship¬ 
building  woods  are  shown  in  Figure  l£,  17  oad  18.  Figure  16  shows 
the  relative  corrosivity  of  five  navel  woods  after  various  intervals 
of  exposure  to  a  high  salt  fog  humidify  %  tamper ©tur©  of  9f>°F. 

Each  curve  is  ths  composite  value  of  rent  classes  of  screws. 

Figure  1?  shows  the  same  data  that  previou’  y  seen  bor.  here  the 
relative  differonca  in  corrcdcn  of  thr  ic  indicated  by  aver¬ 

aging  the  values  for  the  five  kinds  of  wood.  It  is  of  interest  to 
note  the  position  of  the  silicon  bronae  screws  with  reject  to  brass 
and  chrcmoplated  brass.  Figure  18  indicates  the  relative  ciilTerencc 
in  corrosion  effects  induced  by  ths  three  test  condltlenr  described 
above.  The  tendency  of  the  screw  lubricant  to  retrap  conosion  is 
evident,  from  the  results  for  the  salt  water  immersion  teat  condition, 

5TEAK. -BENDING 

A  ccrmon  method  for  bending  »r.V  to  fore  is  to  first 
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Fig*  16  Corroelvltjr  of 
wood  to  wotal  under  salt 
fog  exposure  (9$?  - 

o^T). 


COHAOSIOH  Of  MfTAl  CUMOOtO  >*  WOOD 
UHOC*  SALT  fOO  fXAOSUXt 


wood  under  salt  exposure 
(?5*  R.H.  -  9 5°F)* 


COMPMi>OII  09  THi  CO*NU*tO«l  09 
«ooo*c*cw*  ijno*»  r»fetr  t«v;itc*aSN7; 


|Mo .  18  Comparison  of  the  corrosion 
rates  of  *rod  screws  embedded  in 
wood  under  three  conditions  of  test# 
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plasticise  the  wood  by  steaming  and  tiien  beM  it  in  it  machine  to  the 
deal  zed  shape,  Several  basic  5  tape  an*  lolloped  in  performing  rna 
operation.  They  ere*  (1)  selection  of  suitable  bending  atock;  (2) 
seasoning  of  the  wood  to  a  moisture  content  about  25  per  cent;  (j) 
sawing  and  planing  the  bending  blank  fro*  the  stock;  (1*)  softening  the 
bending  blank  by  steaming*  (5)  bending  the  blank  by  machine  into  a 
bent  member;  and  (6)  fixing  and  drying  the  bs&b  member. 


Bending  stock,  Wiieh  is  ps’adral nantly  obtained  from  white 
oak,  is  required  to  be  straight  grained,  reasonably  free  of  defects, 
and  at  a  moisture  content  in  excess  of  20  per  cent.  After  selection 
the  stock  is  machined  by  sawing  and  planing  to  approximately  the 
desired  dimensions  into  bending  blanks*  The  blanks  are  then  softened 
by  steaming  at  atmospheric  pressure  scheduled  at  one  hour  of  steaming 
for  each  inch  of  thickness.  After  stemming  the  plasticised  blank  is 
placed  in  a  bending  machine  and  bent  to  form*  End  jxressurs  is  used 
to  prevent  excessive  elongation  of  the  convex  side  of  the  bend  and  tc 
Induce  small  uniformly  distributed  compression  failures  to  for®  on  the 
concave  side*  Following  this  operation  the  bent  mariner  la  kept  in 
restraint  and  dried  to  an  appropriate  moisture  context ,  ready  for  use. 
The  leborat-ry  in  its  studies  followed  the  above  basic  steps  in 
•  preparation  of  teat  specimens  of  white  oak,  lxl  3/1*  x  28  1/2  inches 
in  dimension*  Figures  19  mod  20  show  a  bent  specimen  at  the  start 
and  completion  of  the  bending  operation*  The  code  letters  refer  tc 
the  following  partes 


Code  Letter 


Part 


>.— A  ’ 

a  n* 
D—O  • 

c 

D 

E 

F-F» 

0 

H 

T 

K-K' 

L 

M-K» 


hydraulic  rasus 
End  piste* 

Minor  straps  (with  shackles  for  securing  turn- 
buckle) 

Wood  test  specimen 
Bending  form 
Reversed  levers 

Major  strap  (welded  ut  ends  to  reversed  levers) 
Clamping  screw 

Elorgatdon-indlc.vtrsr  assembly 
Flexible  high  pressure  hydrualic  hoe a 
Hydraulic  rm  brackets  (bolted  to  reversed 
levers) 

High  pressure  c opper  tubing  (connected  to 
hydraulic  pusp,  av  t  shown) 

Flexible  wire  rope  (pulled  by  winch  connected 
t->  electric  motor  not  shown) 
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Coda  Latter 

V 

0 

p 


Part 

Doubla  pulley  ass— My 

Tnrnbuckle  (for  securing  adnor  strap  daring 

we 

Stay  lath  -  (a  ascend  rt*y  lath  If  secured  to 
underside  of  the  best  s^dss  isssdletely  after 
it  is  rescred  froat  the  fbru  to  proTont  twisting 
during;  drying* 


Pig*  19  Wood  bonding  sachine  shoving  spedLmn  at  stnrt 
of  bonding  oparatlon. 

Tho  bout  spednsn  1 n  subsequently  k*pt  in  restraint  as 
•horn  in  Figure  21  durln?  tho  fix' nr  and  drying  stags* 

d  ^ 4b  t>4>  •■>,«»■.  ** ^  ^  «*•  <«t 

BkV«4  ua  jf  <b«4^  |  <»—  w — *•  v  t^vw<  iiiwiiil  wre*<*  e»  <.«  v  —  .i  >lai  vBv  aWa 

residual  strength  by  testing  &£>  ir  static  bonding  and  oospariug 
the  re salts  for  aodulus  of  elasticity,  fiber  stress  at  the  propor¬ 
tional  lisdt  and  sodolus  of  rapture  with  sLailar  ? cine  3  obtain?  J 
fren  static  bending  tests  on  naiched  straight  epeciaen^  .  Fa* we 
22  shoe  tbs  start  snd  finish  of  a  static  bonding  tost  on  a  rcc-t 
spaeisen*  Result s  for  white  oak  indicate  that  this  wood  retains  i*5 
per  cent  of  its  original  stlffmcs,  72  per  cent  of  its  ’■'ealotanca  to 
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Pig.  22  Sending  »pe does  at  start  and  mar  ccsplst icsa  of 
static  bandir»g  test. 

defoliation  and  7h  par  cent  of  its  ult  lasts  strength  after  bending. 
These  values  are  considered  as  the  references  against  vhich  will  be 
vOSpeufrd  those  aiiJoLltfjjr  obtained  on  foreign  Hoods* 

TRIAL  APPLICATE 0R3 

Concurrent  aith  these  investigations  trial  appiicationn  of 
several  of  the  foreign  woods  are  in  progress*  An  experimental  in¬ 
stallation  of  ekSdL  and  angel Ique  has  been  cade  in  the  retractable 
fender  eye tec  of  the  Rev  York  Naval  Shipyard.  Ekki  in  also  in  use* 
experimentally,  as  the  buaper  timbers  in  the  bottoms  of  acid -pickling 
teaks  in  the  shipyard  while  the  Pattern  Shop  has  found  corisa  to  bo 
a  favorable  alternate  for  nahogany  for  certain  types  of  patterns. 

ADDITIONAL  BENEFITS  TO  TIB  NAVI 

The  ultimate  objective  of  the  foreign  wood  progroa  was 
defined  in  the  flow  chart.  Figure  1  *nd  its  realisation  is?  being 
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demonstrated  in  th?)  trial  applications  just  mentioned,  But  a a  in  »ny 
rase  arch  endeavor  Mte  solution  of  one  problem  generally  uncovers 
others,  new  and  unexpected.  Or  frequently,  a  laboratory  technique, 
developed  for  one  etudy  may  be  applied,  in  its  essentials,  to  mother. 
For  example,  the  radioisotope  tracer  technique  developed  in  the 
weatherl-up;  study  has  the  potent! alii!  au  ox  beir^  used  in  pp«iex' » »ti  Si 
studies  for  tracing  the  absorption  cr*  penetration  of  wood  preserva¬ 
tives.  During  the  fastening  strength  in/tsiigati  on  it  w ae  drsuuu- 
strated  that  indiccrininate  use  of  z  v  at*  racially  available  counter¬ 
sink  and  wood  drill  to  bore  lead  boles  oobuLu  re  silt  in  a  ion  in 
holding  power  as  much  as  25  per  cent  in  certain  woods.  This  has 
generated  interest  in  the  small  tool  section  of  the  Bureau  of  Ships. 
The  need  for  exceptionally  large  lead,  hole*!  to  insert  the  non- 
ferrous  screws  in  higfc  density  tropical  hardwoods  to  avoid  failure  of 
the  screw  has  been  brought  to  the  attention  of  the  wood  screw  in¬ 
dustry  by  the  Metallurgical  Process  Section  of  the  Bureau  for  the 
purpose  of  developing  higher  strength  screws.  The  reduction  in 
driving  resistance  aid  in  the  rate  of  corrosion  through  the  use  of 
the  beeswax  compound  demonstrated  in  the  fastening  strength  and  cor¬ 
rosivity  investigations,  respectively,  point  to  the  possibility  of 
developing  a  polymerising  compound  which  in  its  liquid  phase  could  be 
.inserted  into  the  lead  hole  to  act  as  a  screw  lubricant,  and  in  its 
polymerized  state,  encapsulate  the  fastener  in  an  anti-corrosion 
coating  idhile  at  the  sane  time  adding  to  ths  strength  of  the  wood 
fibers  deformed  by  the  driven  screw*  The  unanticipated  behavior  of 
the  silicon  bronze  screws  compared  with  that  for  brass  snd  chrose- 
pleted  bras*  screws  in  ths  aerrosivity  investigation  warrant*  further 
examination.  The  difficulties  experienced  in  bending  certain 
tropical  woods  in  the  steam-bending  investigations  currently  under¬ 
way  indicate  a  need  for  improving  the  methods  of  plasticising  the 
wood  and  for  maintaining  clcoe  control  (hiring  the  bending  operation. 

As  the  foreign  uood  prcgrsm  advances,  undoubtedly  other 
problems  will  also  arise  to  demand  solution,  but,  we  trust ,  the 
results  of  all  these  efforts  will  accrue  to  the  benefit  of  the  Navy 
in  those  areas  where  the  special  properties  of  wood  make  it  desir¬ 
able  for  u 35, 
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AIRCREW  SAFETY  W'  ZlpVIVM  F.OHIPMENT 
-  MATERIAL  SELECTION  AND  MANUF ACTURING 
PROCESSES 


Captain  Roland  A.  Bosee,  MSC,  DSN,  James  V.  Correale,  Jr.,  BS  in  ME 
and  Dir.o  i\.  Mancinelli,  BS  in  ME,  Air  Crew  Equipment  Laboratory,  Naval 
Air  Material  Center, Philadelphia  12, Pa. 


The  expanded  flight  envelope  of  current  and  future  first 
line  naval  aircraft  has  demanded  correspondingly  expanded  performance 
spectrum  of  the  aircrew  safety  and  survival  equipment  mechanical 
systems.  Tolerances  on  performance  is  critical  and  it  has  been 
necessary  to  conduct  a  concurrent  program  of  miniaturization  and  re¬ 
design.  In  order  to  satisfy  these  requi  rement s  and  trend  s,  designers 
have  had  no  utilize  the  latest  developments  in  material  engineering 
and  introduce  the  "unique"  in  basic  designs. 

THs  paper  will  deal  exclusively  with  the  recent  develop¬ 
ment  and  production  difficulties  encountered  with  aviators7  oxygen 
breathing  regulators  and  the  control  system  essential  for  the  opera¬ 
tion  of  r.he  full  pressure  or  space  suit  system. 

BREATHING  REGULATORS 


New  concepts  in  breathing  regulator  designs  have  Made 
possible  a  reduction  in  the  envelope  of  the  regulator  to  the  extent 
shown  in  figures  1  and  2  and  a  reduction  of  weight  from  2.75  pounds 
to  0.5  pounds.  The  many  possible  advantages  apparent  from  this  major 
change  f<;d  to  an  expedited  program  of  prototype  design  evaluation, 
qualification  tests,  and  preproduction  tests. 

Design  prototypes  of  these  equipment  articles  ss  shown  in 
figure  2  were  developed.  After  the  normal  developmental  evaluation 
difficulties  and  redefinition  and  realignment  of  performance  charac¬ 
teristics,  qualification  items  were  produced.  At  this  point  relia¬ 
bility  and  material  selection  difficulties  were  encountered. 
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Figui  ■  1  Console  mounted 
demand  type  oxygen  breath¬ 
ing  regulator 


Figure  2  -  Miniaturized  demand  type 
oxygen  breathing  regulator 
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On  the  first  model  oxygen  regulator,  the  qualification  item 
was  approved  after  several  minor  performance  problems  were  solved. 

Upon  receipt  of  a  procurement  contract,  the  contractor  submitted  pre- 
production  samples.  Because  of  urgent  delivery  requirements  and 
because  prototype  and  qualification  samples  had  been  recently  complete¬ 
ly  tested,  lengthy  endurance  evaluations  were  not  conducted  end  only 
spot  tests;  were  performed.  As  a  result  of  this  limited  investigation 
the  preprcduct ion  sampies  were  approved.  However,  after  limited  oper¬ 
ational  use,  leak?  developed  through  the  demand  valve  of  the  breath i no 
regulator.  A  visual  inspection  revealed  cuts  in  the  valve  seat,  figure 
3.  A  complete  investigation  including  lengthy  endurance  tests  revealed 
that  the  failure  was  due  to  the* valve  seat  materials  which  originally 
were  only  marginally  inadequate,  these  being  improperly  cured  and 
adversely  affected  by  a  c^Mnet  ion  of  the  detail  design  deficiencies 
of  the  demand  valve  stem,  motion  of  the  demand  valve  stem,  and  inade¬ 
quate  mounting  of  the  valve  seat  material.  Figure  4  shows  the 
gooiTiCtry  of  motion  of  the  demand  valve.  One  of  the  demand  valve  tie- 
sign  deficiencies  was  attributed  to  the  sharp  edge  of  the  valve  which 
bears  against  the  ’/alve  seat,  thus  causing  the  seat  to  be  cut.  This 
seemingly  simple'ttonday  morning  quarterback"  type  of  improvement  was  a 
result  of  the  painful  "process  of  elimination"  type  of  evaluation  pro¬ 
cedure.  As  indicated  the  difficulty  once  determined  was  corrected 
by  the  simple  process  of  increasing  the  radius  of  the  demand  valve 
stem. 


The  results  of  tests  conducted  on  preproductior.  samples 
submitted  for  "follow  on"  procurement  contracts  revealed  that  the 
"pressure  breathing"  characteristics  of  the  regulators  were  not  repro¬ 
ducible.  This  difficulty  was  encountered  after  t  ho  ’•on m  I  vc 

permitted  to  remain  static  four  to  six  days.  The  performance  of  the 
regulator?  when  evaluated  immediately  after  delivery  was  wnlnin  speci¬ 
fication  requirements  but  after  remaining  static  changes  in  perform¬ 
ance  characteristics  were  observed  throughout  the  temperature  range 
with  a  non-return  to  calibration  when  retested  at  standard  conditions. 

continued  adjustment  ct  calibration  failed  to  siaoilize  the  p*?rfox*m— 
ance  of  the  regulator  in  most  instances.  Further  investigation  re¬ 
vealed  that  the  lack  of  performance  reliability  was  due  to  the 
instability  of  the  pressure  breathing  aneroid  which  was  caused  by  a 

#'♦»»»  *  n«nn  A<*r  »n»i  T*V  o  M  ^ 

"  _  I  Jp  .  -  iui.  »  4UW  UktWi.  W  i.  U  UtM  WV*.  1.UA. 

was  changed  by  a  sub-contractor,  to  facilitate  his  increased  produc¬ 
tion.  The  aging  and  curing  procedure  of  aneroids  and  the  aneroid  seal 
material  was  changed  by  the  prime  contractor,  also  to  facilitate* 
increased  production  requirements.  These  changes  were  made  without 
Navy  approval  and  without  tests  to  determine  their  effect  on  aneroid 
stability.  Currently  the  contractor  is  endeavoring  to  correct  ti.is 
problem. 
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Figure  3  -  Demand  valve  seat  on 
miniature  demand  type  oxygen 
breathing  regulator  showing  cuts 


Figure  4  -  Motion  of  demand  valve 
of  miniature  demand  type  oxygen 
breathing  regulator 
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On  contractor's  qualification  model,  diaphragm  and 

pilot  valve  instability  were  encountered  during  evaluation  u;;der  maxi¬ 
mum  and  minimum  temperature  specifications.  Calibration  shift  und 
complete  change  in  pressure  output  were  encountered  at  -70°F  and 
+16C°F.  However,  original  pressure/ performance  xc:  restored  “hen 
recalibrated  at  standai  ’  temperature  conditions  -  thus  Indicating  that 
the  basic  design  was  sound  but  that  the  behavior  of  the  material  of 
the  silicone  diaphragm  and  the  metal  aneroid  varied  excessively  under 
the  thermal  stress.  A  change  of  the  material  of  each  component 
resulted  in  acceptable  performance.  Subsequent  preproduction  samples 
manufactured  accordingly  were  approved. 


On  a  third  contractor's  model t  qualu icatic*::  samples  ¥?5 re- 

approved  but  with  a  reservation  relative  to  the  method  of  mounting 
and  installing  the  inlet  port,  figure  5.  The  method  used  dictated  the 
use  of  a  clamp  to  retain  the  oxygen  supply  hose.  A  change  in  the 
method  of  attachment  was  made  and  preproduction  models  submitted.  In 
this  change,  a  gasket  was  used  and  retained  by  a  screw  down  retaining 
method,  figure  6.  After  several  days  a  cold  flow  of  the  gasket 
material  caused  dimensional  changes  and  thereby  permitted  leakage  of 
oxygen.  Additional  tightening  of  the  fitting  to  prevent  leakage 
caused  the  gasket  to  fail,  figure  7.  A  change  in  the  design  of  the 
fitting  whereby  the  gasket  was  retained  within  a  slotted  surface 
remedied  this  difficulty.  In  additional  tests  to  ascertain  conform¬ 
ance  with  the  specification  requirements,  aneroid  instability  was 
also  determined  to  exist  in  this  model  regulator.  Investigations 
revealed  that  a  change  in  the  procedure  for  aging  and  curing  of 
aneroids  established  hv  the  nrnduct i on  denartment.  whir.h  fnhrir.ated  the 
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The  prototype  d€?sign  of  the  fourth  regulator  model,  one 
which  has  been  refined  and  designed  to  permit  diluter  demand  type 
breathing  (allows  air  to  be  mixed  with  the  breathing  oxygen  to  con¬ 
serve  the  oxygen  supply)  is  currently  being  evaluated.  At  this 
writing  problems  concerning  application  and  performance  of  aneroid  and 
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From  the  foregoing  examples  it  can  be  understock  th?t 
equipment  reliability  depends  greatly  on  the  establishment  of  typical 
production  techniques  for  the  fabrication  and  assembly  of  qualif icatiui 
SKrtpl Qt  so  that  a  minimum  of  changes  are  necessary  for  preproduction 
and  subsequent  production  items. 
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Figure:  5  Inlet  port  gasket 
installation  of  miniature 
demand type  oxygen  breath- 


Figure  6  -  Inlet  port 
gasket  installation  of 
miniature  demand  type 
oxygen  breathing  reg¬ 
ulator  showing  gasket 
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Figure  7  -  Inlet  port  gasket  of  miniature 
demand  type  oxygen  breathing  regulator 
showing  damage 
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Fleet  operational  acceptance  of  the  full  pressure  suit 
system  is  contingent  on  many  factors.  Since  the  suit  system  Is  flown 
more  than  99  percent  of  the  time  in  the  normal  condition  and  less  than 
on#  percent  of  the  time  in  the  emergency  condition,  comfort  in  the 
normal  condition  is  of  prime  importance  to  assure  operational  suita¬ 
bility,.  One  primary  factor  in  comfort  is  related  to  the  amount  of 
pressure  build  up  in  the  suit  system  by  the  ventilating  air  required 
for  thermal  comfort.  The  garment  is  air  impermeable  and  therefore 
stops  normal  perspiration  loss  which"  leads  to  heat  imbalance.  This 
pressure  is  for  the  most  part  caused  by  the  resistance  of  the  suit 
controller  t.:  the  flow  of  air.  The  controller  is  located  down  stream 
to  the  suit.  This  reflected  pressure  is  called  "residual  back 
pressure".  A  definitely  unacceptable  residual  back  pressure  is  above 
1/2  inch  of  mercury.  A  desirable  back  pressure  is  below  1/4  inch  of 
mercury.  Available  controllers  incorporated  slightly  above  1/2  inch 
and  pilot  acceptance  was  poor.  Therefore  a  redesign  of  some  specific 
features  of  the  controller  was  required. 


Figure  8  illustrates  three  pressure  suit  controllers.  The 
original  controller  has  a  flow  restriction  and  high  back  pressure  that 
precludes  fleet  acceptability  of  the  suit  system.  The  other  two  con¬ 
trollers  have  increased  flow  capability  which  enhances  acceptability 
of  the  suit  system.  The  first  controller  performs  adequately  under 
all  environmental  conditions  nnd  possesses  stabilized  performance. 

The  second  and  third  controllers  performed  satisfactorily  only  in  the 
prototype  design. 


Qualification  samples  of  the  second  controller  would  net 
hold  calibration  and  the  difficulty  at  this  writing  appears  tc  be  in 
the  design  and  material  selection  of  the  aneroid  assembly  that  controls 
the  pressure  output.  The  design  was  a«i  extrapolation  of  the  pre¬ 
viously  satisfactory  design  to  an  extent  that  so  called  "feather 
edge"  performance  was  apparent  in  the  design  theory.  However,  all  the 
shifts  in  performance  could  not  be  logically  attributed  to  design 
extrapolation.  This  portion  of  the  difficulty  was  clearly  an  unpre¬ 
dicted  dimensional  change  of  the  aneroid  caused  by  improper  curing 
and/or  incorrect  material  selection  that  produced  poor  behavior  under 
temperature  extremes  and  could  not  be  adjudicated  by  calibration.  The 
difficulty  was  identicai  in  some  aspects  to  the  aneroid  difficulty 
encountered  in  the  breathing  regulator.  As  a  result  of  the  two  factors 
apparent  unwarranted  design  extrapolation  and  apparently  erroneous 
material  selection,  both  a  change  in  basic  design  and  the  selection  o? 
a  more  suitable  material  are  necessary. 


The  qualification  test  sample  of  the  third  controller  showed 
ro  inconsistency  in  performance  up  to  50,000  feet  altitude  throughout 
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Figure  8  -  Three  full  pressure  suit  pressure  controller 
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the  environmental  conditions  of  evaluation.  This  consistent  perform¬ 
ance  did  not  persist  in  the  altitude  range  above  50,000  feet.  Above 
this  pressure  altitude,  a  shift  in  pressure  schedule  occurred  that  in 
effect  produced  higher  pressure  output.  This  resulted  in  undesirable 
and  unacceptable  residual  back  pressure  in  the  suit  system  and  caused 
restrictions  and  limitations  in  mobility.  The  fault  was  traced  to  the 
design  shape  of  the  diaphragm  which  at  a  specific  pressure  did  not 
function  smoothly  but  jumped  to  a  new  position.  Design  changes  in 
diaphragm  shape  eventually  remedied  this  condition. 

The  foregoing  again  illustrates  an  apparent  difficulty  in 
the  transition  between  the  prototype  design,  the  qualification  sample 
and  the  production  item  from  the  aspects  of  design  details,  material 
jdection  and  quality  of  workmanship  and  the  various  combinations 
thereof.  Great  difficulty  exists  in  establishing  manufacturing 
processes  which  yield  consistently  acceptable  and  reliable  equipment 
with  a  low  reject  quoits*  Sana  experience  reveals  that  prototype  desicr. 
samples  and  qualification  samples  are  produced  by  a  certain  segment 
of  an  organization  that  have  not  adequate  technical  liaison  with  the 
production  segment.  It  appears  that  techniques  and  special  knowledge 
are  lost  in  this  transition  and  that  in  some  instances  extremely 
critical  features  are  not  properly  "flagged”  and  therefore  dc  not 
receive  the  attention  that  is  essential  for  the  production  of  con¬ 
sistently  reiiaole  qcii a pfiient .  In  addition  other  cVxucnCc  reveals 
that  the  materials  are  substituted  in  the  change  from  research  and 
development  to  production  due  to  more  desirable  production  handling. 
This  results  in  the  loss  of  consistent  and  precise  performance  that 
is  essential  to  aircrew  equipment  mechanical  systems  and  not  infre¬ 
quently  may  mean  the  difference  of  survival  or  death. 
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Introduction 

History  descibing  methods  to  combat  degrading  influences  in 
nature  on  material  is  as  old  as  written  records.  Indeed*  there  is 
considerable  evidence  to  indicate  that  organic  protective  films  in 
the  for®  of  natural  gum  solutions  have  been  employed  even  longer. 
However,  it's  equally  certain  trial  these  earliest  formulators  could 
hardly  foresee  the  application  of  such  films  to  the  protection  of 
equipment  from  the  heat  of  a  nuclear  blast*  for  example.  Present 
design  criteria  require  that  components  euid  material*  whether  used 
alone  or  in  complex  weapons  systems*  be  highly  resistant  to  attack 
from  all  influences  of  the  environments  in  which  they  must  function. 
Preferably  this  required  stability  may  be  assured  by  a  judicious  sel¬ 
ection  of  inherently  resistant  materials.  Often*  however*  materials 
possessing  the  preferred  properties  do  not  exist  and  compromises  must 
be  made  which  often  serve  to  allay  considerably  the  deteriorating 
process  where  it  cannot  be  stopped  entirely.  The  situation  within 
the  Navy  is  aggravated  particularly  by  the  corroding  influence  ui  sea 
water  and  the  salt-laden  atmospheres  in  which  the  Navy  operates. 

Degrading  assaults  may  be  in  the  form  of  corrosive  attack 
on  metal  components,  or  thermal  destruction  resulting  from  the  ab¬ 
sorption  characteristics  of  a  painted  surface  exposed  to  excessive 
heat.  Organic  polymers  may  degrade  rapidly  through  exposure  to 
energy  frequencies  producing  depolymerization  and  secondary  chemical 
reactions.  And  deterioration  resulting  from  biological  attack  by 
bacteria*  fungi*  insects  and  marine  organisms  has  been  the  subject  of 
careful  study  for  perhaps  longer  than  any  phase  except  possibly  that 
produced  by  corrosion.  Only  recently  the  degradation  of  aviation 
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fuels  by  microbiological  growths  has  been  suspected  for  the  loss  of 
at  least  one  aircraft.  The  drop  in  efficiency  of  transmission  of  so¬ 
nar  signals  through  accoustically  transparent  surfaces  increases  al¬ 
most  exponentially  with  the  thickness  of  the  layer  of  macro  marine 
organisms  attaohed  to  the  surface.  An  improperly  designed  pier-, 
erected  at  the  cost  of  millions  of  dollars,  under  the  exigencies  of 
war  time  collapsed  into  the  sea  after  only  five  years  from  attack  by 
Lijrmoria  and  Teredo  on  its  supporting  piles.  Another  wartime  inci¬ 
dent  is  reported  in  which  a  detachment  of  marines  was  virtually  iso¬ 
lated  from  its  company  through  failure  of  its  communication  equipment 
which  became  inoperative  from  the  destruction  of  insulation  media  by 
t’.u  action  of  cellulose-destroying  fungi.  Quite  recently  creoaoted 
•  ' egraph  poles  at  a  Pacific  island  base  were  observed  to  be  rotting, 
not  at  the  base  but  rather  at  the  top,  from  attack  by  a  strain  of 
fungus  subsequently  demonstraued  in  our  labor;- t-o-f  to  be  not  only 
resistant  to  creosote  but  able  to  utilize  it  a3  a  nutrient  source. 


Among  the  Navy's  earliest  problems  was  the  continuing 
effort  to  maintain  ships'  hulls  free  from  the  attachment  of  encrus- 
tating  organisms  which  retard  speed  and  increase  fuel  consumption. 
Recently  smoother  hulls  have  assumed  additional  significance  as  they 
affect  the  noise  level  of  submarines  rigged  for  silent  operation.  .An 
extension  of  this  problem  was  manifest  when  12  flying  boats  were  an¬ 
chored  in  tropical  waters  during  maneuvers  following  which  11  could 
not  get  off  the  watex'  until  "oneix  xxuxls  had.  been  scraped  to  remove 
fouling. 


Unfortunately  some  early  efforts  toward  the  solution  of 
some  of  these  problems  were  somewhat  misguided.  For  example,  at  one 
stage  copper  sheathing  was  attached  to  iron  hulls  to  combat  fouling 
with  rather  disastrous  results.  Not  only  did  the  copper  itself  foul 
readily  on  becoming  the  cathode  in  a  galvanic  couple,  bub  the  corro¬ 
sion  rate  of  the  steel  hull  plates  was  accelerated  as  they  assumed 
the  role  of  anodes  in  the  circuit. 

From  this  brief  review  of  several  types  of  deterioration 
it  should  be  of  interest  to  look  at  some  specific  situations  where 
attack  can  be  severe  and  to  examine  some  measures  which  tend  to  elim¬ 
inate  the  problem. 

Among  the  papers  which  follow  several  are  devoted  to  rauia- 
tion  effects,  and  one  to  damage  resulting  from  thermal  radiation.  In 
each  instance  degradation  may  occur.  Little  attempt  will  be  made 
here  to  discuss  this  type  of  deterioration  although  one  reference  to 
irradiation  will  be  made.  Subsequent  papers  also  describe  progress 
that  is  being  made  in  corrosion  control.  Since  damage  from  corrosion 
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may  occur  under  varied  circumstances  and  1b  among  the  most  severe  and 
costly  types  of  deterioration,  mention  will  he  made  or  some  of  our 
studies  designed  to  understand  and  thus  control  or  at  best  retard  the 
corrosion  process. 


Sgir.gfijQfl 

No  introduction  is  required  to  familiarize  this  audience 
with  the  effects  of  metallic  corrosion.  As  mentioned  earlier,  how¬ 
ever,  the  consequences  of  corrosion  are  of  special  concern  to  the 
Navy  as  its  ships  and  aircraft  are  required  to  operate  under,  on  and 
above  the  seas.  No  doubt  the  most  effective  means  of  eliminating  cor¬ 
rosion  is  the  specification  of  materials,  which  do  not  corrode.  Obvi¬ 
ously,  however,  such  materials  are  not  economically  available  in 
.ui.., titles  sufficient  to  meet  even  a  'yaall  fraction  of  the  fleet's 
requirements.  Therefore  considerable  effort  is  being  made  to  assure 
the  selection  of  the  most  compatible  components  for  use  in  corrosive 
environments  find  to  devise  continually  improved  means  of  protection 
for  those  metals  subject  to  attack.  This  includes  the  proper  appli¬ 
cation  of  inhibitive  techniques  which  can  be  just  as  critical  as  their 
proper  selection. 

To  illustrate  this  point  attention  is  invited  to  Figure  1, 
s  photograph  of  the  cuter  hull  of  a  submarine  just  below  the  y/ater 
line.  Tnir  hull  was  presumed  to  have  been  protected  adequately  since 
It  had  received  some  time  earlier  the  standard  bottom  paint  system 
currently  specified  for  the  protection  of  ships’  hulls  from  corrosion 
and  fouling.  However,  on  cheeking  the  ship’s  log  it  ran  revealed  that 
this  normally  adequate  paint  system  had  been  applied  during  the  month 
of  February  in  a  Northeastern  yard  during  a  snow  storm  at  an  ambient 
temperature  of  21 b  F.  As  may  be  seen,  all  of  the  cold  plastic  anti¬ 
fouling  paint  along  with  most  of  the  primary  anticorrosive  coats  had 
long  since  disappeared  -  under  the'  conditions  of  application  any 
other  result  would  have  been  surprising  indeed.  Of  further  interest 
is  the  quite  obvious  pit  measuring  11/32  in.  in  depth  which  was  traced 
to  stray  currents,  arising  from  improperly  insulated  welding  equipment 
that  had  been  brought  aboard,  which  found  an  easy  return  path  through 
the  hull  and  sea  water  to  ground. 

In  spite  of  derelictions  like  these,  organic  coatings 
proper  Lv  applied  remain  among  the  more  formidable  weapons  against 
corrosion.  The  continuing  development  of  film-forming  polymers  of 
new  and  distinct  properties  enhance  their  effectiveness  and  range  of 
adaptability.  Recent  examples  include  the  epoxies,  polyurethanes, 

*nd  vinyls.  Wien  applied  alone  or  in  combination  with  older  materi¬ 
als,  new  properties  ere  obtained.  The  epoxies,  used  in  combination 
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Figure  1  -  Outer  hull  of  submarine  below  water  line 


\  Figure  2  -  Top  side  paint  system  exposed  to  salt  spray 

t  for  six  months 
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Figure  3  -  Top  side  paint  system  with  one  coat  wash- 
primer  exposed  to  salt  spray  six  months 
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with  coal  tar  enamels  ac  well  as  the  vinyls,  have  made  possible  new 
applications  of  cathodic  protection  heretofore  unavailable.  Perhaps 
the  single  most  significant  development  in  this  area  in  the  past  dec¬ 
ade  has  been  the  wide  scale  adoption  of  the  so-called  wash  primer  (l) 
developed  by  industry  under  Bureau  of  Ships  cognizance.  This  pre- 
treatment  for  metal,  consisting  of  a  basic  zinc  yellow  pigment  dis¬ 
persed  in  a  solution  of  poiyvinylbutyral  and  reduced  with  a  mixture 
of  phosphoric  acid  and  alcohols,  opened  the  new  field  to  vinyls  for 
metal  protection  and  vastly  improved  many  existing  systems.  To  il¬ 
lustrate,  Figure  2  is  a  photograph  of  four  panels  finished  with  a 
standard  top  side  paint  system  for  ships  following  exposure  to  four 
concentrations  of  salt  spray  for  six  months.  Fig'ire  3  shows  the  same 
ystem  exposed  to  identical  conditions  for  an  equal  period  of  time 
except  that  the  metal  received  a. 2 -mil  c onx  of  wish  primer  prior  to 
the  application  of  the  specification  system. 

The  use  of  a  coating  which  probably  results  in  the  forma¬ 
tion  of  some  phosphate  crystals  at  the  interface  recalls  the  excel¬ 
lent  results  achieved  through  proprietary  processes  involving 
chemical  bath  treatments  so  widely  used  on  automobiles  and  major 
household  appliances,  Eurbank  (2)  in  a  study  of  phosphate  crystal 
formation  on  ferrous  surfaces  makes  the  novel  suggestion  that  inhibi- 
tive  phosphate  coatings,  such  as  applied  normally  from  hot  chemical 
baths,  might  be  applied  successfully  to  major  surfaces,  a  ship's  hull 
for  example,  by  means  of  a  gel  medium  containing  the  required  compo¬ 
nents.  Zinc  phosphate  coatings  were  deposited  from  a  hot  solution 
and  similarly  from  a  gel  medium  onto  steel  su  In  the  latter 

case  the  coating  consisted  of  small  adherent  crystals  that  covered 
the  surface  uniformly.  A  photomicrograph  of  panels  prepared  in  each 
fashion  is  shown  in  Figure  4*  The  similarity  of  the  coating  is  ap¬ 
parent  from  these  photomicrographs.  Further,  X-ray  diffraction 
patterns  suggest  that  both  coatings  are  oriented,  although  along 
different  crystal  planes.  Future  work  along  these  lines  could  result 
in  revolutionary  metal-pretreatment  methods. 

Beginning  about  1953  both  the  Maritime  Commission  and  the 
Navy  adopted  cathodic  protection  for  retarding  corrosion  in  their 
reserve  fleets  and  this  has  proven  to  be  a  major  factor  in  ships' 
preservation.  Of  course  the  general  principles  of  this  technique 
were  quite  well  known  but  systems  had  to  be  tailored  specifically  to 
the  ships  involved.  Resulting  largely  from  work  at  the  Naval 
Research  Laboratory  it  has  been  demonstrated  repeatedly  that  a  cur¬ 
rent  supply  of  3  milliamperos  per  square  foot  of  surface  properly 
distributed  is  sufficient  to  protect  adequately  the  hull  of  a  ship 
in  average  need  of  Repainting  as  compared  with  10  milliamperes  per 
square  foot  for  bare  ateel.  A  newly  painted  hull  w  .1  require  as 
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Figure  4  -  Zinc  phosphate  coatings  on  eteel.  (a)  Panel 
phosphated  in  hot  bath,  (b)  panel  phosphatedin  Gel 
medium 
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Figure  5  -  Installation  of  zinc  anode 
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little  as  0.1  milliamperes  per  square  foot.  Care  must  be  exercised 
to  assure  an  even  current  distribution  which  has  been  most  satisfac¬ 
torily  applied  from  carbon  anodes  appropriately  spaced  around  the 
ships. 

Related  work  (3)  at  NRL  has  described  the  advantages  of  high 
purity  zinc  for  use  as  sacrificial  anodes  in  protecting  anodic  areas 
of  active  ships.  Such  applications  arc  normally  made  in  proximity  to 
propeller  struts  to  combat  the  cathodic  role  of  bronze  propellers.  A 
typical  installation  is  shown  in  Figure  5- 

i 

During  recent  years  we  have  made  studies  of  the  corrosion 
rates  of  metals  in  the  tropics ,  and  compared  these  in  some  instances 
with  rates  for  the  same  metals  and  alloys  in  temperate  latitudes. 

The  results  obtained  to  date  with  several  pure  metals  and  a  number  of 
structural  steels  should  be  of  interest.  Reference  should  be  made  to 
the  original  publications  (4,  5,  6)  for  details  of  methods  employed. 

In  the  data  presented  here  corrosion  rates  are  reported  as  average 
reduction  in  thickness  or  as  average  penetration  in  mils  calculated 
from  weight  loss,  as  a  function  of  time  exposed.  In  Figure  6  the 
corros ion  rate  for  a  structural  steel  in  the  tropical  marine  atmos¬ 
phere  of  Panama  is  compared  with  the  corrosion  rate  of  a  similar  alloy 
exposed  at  Kure  Beach,  N.  C.  As  might  be  expected  in  the  warmer  humid 
climate  of  the  tropics  corrosion  proceeds  more  rapidly.  Figure  7  pre¬ 
sents  similar  data  for  the  same  steels  exposed  at  a  site  inland  from 
the  sea  in  the  tropics  and  in  the  typically  industrial  atmosphere  of 
Kearny,  N.  J.  It  is  evident  here  that  the  warm,  humid  atmosphere  of 
the  tropics  may  be  even  more  corrosive  than  an  average  industrial 
atmosphere  in  a  more  temperate  climate. 

The  effect  of  mill  scale  on  the  corrosion  rate  of  steels 
has  received  considerable  attention.  The  data  of  Figure  8  offered 
some  opportunity  to  observe  mill  scale  effects  on  the  corrosion  of 
low-alloy  steel  in  the  tropics.  For  the  shorter  term  it  appears  to 
make  little  difference.  After  8  years,  however,  corrosion  on  panels 
from  which  mill  scale  was  not  removed  proceeds  somewhat  further  than 
on  pickled  surfaces.  For  continuous  immersion  in  sea  water,  however, 
pickling  helps;  a  particularly  good  example  is  shown  in  Figure  9  where 
pitting  to  perforation  has  occurred  on  a  low-carbon  unalloyed  steel 
after  8  years  in  the  sea  whereas  the  pickled  companion  is  comparative¬ 
ly  intact. 


It  was  something  of  a  surprise  to  note  that  a  low-carbon 
steel  continuously  immersed  in  sea  water  at  Kure  Beach,  N.  C.  cor¬ 
roded  at  approximately  the  same  rate  as  a  similar  sample  at  Ft. 
Amador,  C.  Z.,  Figure  10.  Certainly  the  compositions  of  the  environ¬ 
ments  wero  almost  identical  but  the  slightly  higher  average 
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(a)  Mill scale  (b)  Pickled 

Figure  9 .  Appearance  of  i-iillecale  and  Pickied  Surfaces 
after  right  Years  imereion  in  Sea  Water 
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figure  6.  Relative  Seashore  corrosion  Rates 
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temperatures  of  the  tropics  did  not  induce  the  accelerated  rate  .an¬ 
ticipated. 


During  the  past  two  decades  marked  advances  have  been  made 
in  metallurgy  in  the  production  in  commercial  quantity  of  new  alloys 
and  metals  which  provide  longer  life  in  corrosive  environments. 
Progress  in  supplementary  techniques  such  as  organic  coalings  also 
has  advanced  and  may  be  expected  to  continue  to  improve.  However,  it 
is  our  belief  that  the  more  spectacular  improvements  next  to  appear 
will  be  provided  by  metallurgists  in  the  alloys  themselves  although 
the  coatings  industry  can  be  expected  to  continue  its  productive 
efforts. 

Irradiation  Effects 


oucec-ding  paper's  will  deal  with  specific  problems  related 
to  radiation.  It  is  believed,  however,  that  one  project  presently  in 
progress  in  our  laboratory  will  be  of  some  interest  here.  Among  the 
.sources  of  degradation  of  paint  films  the  ultraviolet  portion  of  the 
spectrum  long  has  been  recognized  as  rather  severe.  Ac  a  matter  o*' 
fact  most  accelerated  weathering  machines  designed  for  a  r«pid  eval- 
■  uation  of  organic  coatings  use  u  light  source  rich  in  ultraviolet. 
Work  has  been  reported  previously  (7,  8)  on  the  degradation  of  drying 
oil  films  by  irradiation  with  ultraviolet  light  under  ambient  condi¬ 
tions  and  in  the  absence  of  air.  The  course  of  changes  in  film 
structure  was  followed  by  infrared  spectrometry  and  the  same  tech¬ 
nique  was  used  for  analysis  of  the  gaseous  products  evolved.  With 
the  prospect  that  properly  pigmented  organic  coatings  would  find  some 
utility  in  controlling  thermal  radiation  and  emissivity  from  satel¬ 
lites  and  space  vehicles,  the  current  study  was  undertaken  with  a 
view  of  establishing  the  stability  of  film-forming  polymers  toward 
the  short  (unfiltered  by  air)  ultraviolet.  To  date  a  number  of  such 
polymers  have  been  irradiated  in  air  and  structural  changes  in  films 
as  detected  by  infrared  spectroscopy  have  been  followed.  Similar 
films  were  then  irradiated  in  §  vacuum  by  an  ultraviolet  source  at 
wavelengths  ranging  from  1150  A  (LiF  filter)  into  the  visible.  An 
example  of  the  data  derived  from  such  measurements  is  shown  in 
Figure  11.  The  resin  studied  was  a  phenyl  silicone  selected  be¬ 
cause  it  was  used  as  the  vehicle  for  a  white  coating  used  to  paint 
the  third  stage  of  Vanguard  I.  In  the  presence  of  oxygen  distinct 
absorbance  changes  were  noted  for  bands  characteristic  of  OH,  C0^, 

OO  and  aromatics.  In  vacuum,  or  in  the  absonce  of  oxygen  no  marked 
changes  in  absorbance  at  any  of  these  bands  were  detected.  Toward 
the  end  of  the  irradiation  period  in  vacuum  a  small  amount  of  oxygen 
was  bled  into  the  system  following  which  small  changes  in  absorbance 
were  again  observed  in  line  with  those  shown  in  Figure  11. 
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This  work  lias  not  yet  proceeded  to  a  point  to  permit  far- 
reaching  conclusions  but  it  is  suggested  that  the  rate  of  degradation 
induced  by  the  short  ultraviolet  above  the  atmosphere,  in  the  absence 
of  oxygen,  may  not  be  so  severe  as  expected. 

As  in  the  ease  of  corrosion  the  deteriorating  effects  of 
both  micro-  and  macroorganisms  are  mentioned  in  earliest  recorded 
history  and  we  are  still  working  vigorously  on  the  problem.  The 
antiquity  of  the  subject  is  illustrated  certainly  by  reference  to  the 
latter  part  of  the  13th  chapter  of  Leviticus  in  the  Old  Testament 
where  the  a or ice  treats  the  matter  of  the  "leprosy  of  garments,"  the 
criteria  for  determining  whether  a  garment  be  clean  or  not,  and  the 
techniques  for  disposing  of  unclean  garments.  This  "leprosy"  which 
plagued  the  garments  of  the  early  Hebrews  probably  was  no  different 
in  kind  from  that  currently  referred  to  as  mildew,  rot  or  fungus  in¬ 
fection.  Along  with  a  change  of  nomenclature  we  also  have  achieved  a 
better  understanding  of  the  nature  of  the  problem  but  we  have  not  yet 
succeeded  in  eliminating  it. 

Fungi  Control  -  The  interest  of  the  Naval  Research  Labora¬ 
tory  was  first  directed  to  the  effects  of  fungi  as  a  result  of  re¬ 
peated  failure  of  electronic  communication  equipment,  allegedly  as 
the  result  of  fungal  action.  As  our  studies  developed  this  assump¬ 
tion  was  partially  justified.  Today  specifications  for  the  design 
and  construction  of  all  naval  communication  equipment  are  quite 
specific,  first  in  the  designation  of  materials  and  components  in¬ 
herently  resistant  to  moisture  and  fungal  attack  and  where  this  is 
not  possible  auxiliary  measures  are  required  to  alleviate  or  reduce 
these  effects  as  far  as  possible.  To  illustrate  the  type  of  thing 
which  does  happen,  your  attention  is  invited  to  Figure  12  which  is  a 
photograph  of  a  300  watt  "portable"  transmitter  as  it  appeared  after 
a  period  of  storage,  nob  in  a  tropical  depot  as  is  frequently  re¬ 
quired  with  such  equipment,  but  rather  in  nearby  Mechanicsburg, 
Pennsylvania.  The  equipment  was  covered  over  its  top  and  sides  by  a 
waterproof  package  but  was  open  at  the  bottom.  In  such  an  arrange¬ 
ment  f'lngal.  spores  had  easy  access  to  the  equipment  surfaces  and  the 
stagnant  moist  air  within  the  enclosure  provided  stimulating  condi¬ 
tions  for  growth  and  propagation.  In  this  instance  the  mere  pres¬ 
ence  of  such  growth  constituted  a  severe  hazard  although  no  prior 
damage  may  have  been  imparted  to  the  equipment  in  supporting  fungus 
growth.  The  apparently  parallel  rings  at  the  top  of  the  figure  are 
in  faot  sections  of  a  coil  under  quite  high  potential  of  several 
thousand, volts  wnen  activated.  At  such  time  as  this  equipment  might 
be  energised  the  conductivity  of  the  fungal  filaments  to  ground  is 
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quite  sufficient  to  cause  immediate  shorting  and  thereby  completely 
immobilising  the  equipment.  A  notable  gain  in  this  area  resulted 
simply  from  the  design  of  a  packing  case  which  excludes  moisture  and 
fungal  spores. 

In  an  early  approach  to  the  problem  as  typified  by  the 
transmitter  the  practice  was  followed  of  grinding  recognized  fungi¬ 
cides  into  clear  varnishes  and  lacquers  and  spraying  nr,  where*  per¬ 
missible,  dipping  entiic  assemblies  with  them.  It  was  noted,  however, 
that  many  potent  fungicides  as  revealed  by  the  usual  bioassay  tech¬ 
niques  (petri  dish  experiments)  were  of  little  or  no  value  after 
incorporation  into  organic  matrices  *  Thus  we  were  prompted  to  look 
more  closely  into  the  nature  of  fungicidal  compounds  themselves  with 
special  emphasis  on  functional  substituent  groups.  The  scope  of  this 
paper  does  not  penult  any  detailed  description  of  techniques  and 
methods  by  which  a  considerable  number  ox  compounds  were  studied 
rather  exhaustively  for  their  fungicidal  characteristics.  These  have 
been  described  in  other  publications  (9,  10,  11,  12,  13) .  Some  gen¬ 
eralization  should  be  of  interest,  however.  For  example,  aliphatic 
hydrocarbons,  with  one  or  two  exceptions,  are  notably  inefficient  as 
fungicides.  Only  a  few  of  the  higher  alcohols  possess  fungicidal 
merit  while,  as  might  be  predicted,  phenolic  compounds  are  among  the 
more  promising  and  there  is  evidence  to  suggest  that  the  phenolic 
hydroxyl  group  is  the  most  effective  of  the  substituents  studied  in 
inparting  toxicity  toward  fungi  in  a  relatively  simple  organic  mole¬ 
cule.  An  interesting  point  was  raised,  however,  by  the  observation 
that  carboxy  phenols  and  their  esters  and  amine c  generally  ore  non¬ 
toxic.  The  phenols  present  an  excellent  exanple  of  the  inadvisability 
of  loading  a  molecule  with  an  excessive  number  of  substituents,  toxic 
or  not.  For  exanple,  2-hydroxy-5-nitrobenzyl  thiocyanate,  in  spite 
of  containing  three  very  active  groups,  is  itself  without  activity. 
Nearly  all  of  the  nontoxic  phenols  fall  into  this  category  of  over¬ 
substitution.  An  explanation  may  be  in  the  fact  that  each  group  is 
involved  in  a  separate,  relatively  individual  biological  mechanism. 
Steric  hindrance  is  many  times  an  important  factor.  An  excellent 
example  of  this  may  be  seen  in  the  comparison  of  the  molecular  models 
of  the  fungicidal  o-phenyl  phenol  with  the  considerably  less  active 
o-cyclohexanol.  In  the  first  case  the  hydroxyl  group  is  perched  in 
a  free,  conspicuous  position,  whereas  in  o-cyciohexvl  phenol  it  is 
nestled  neatly  among  adjacent  substituents. 

Fran  numerous  experiments  additional  facts  have  emerged, 
interesting  examples  of  which  will  be  mentioned.  In  the  following 
tables  the  inhibition  of  specific  conpounds  ic  listed  in  terms  of 
growth  rate  of  uninhibited  controls,  i.e.,  an  inhibition  of  25#  in¬ 
dicates  that  the  growth  rate  of  the  test  fungus  is  only  75#  of  that 
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oi'  an  uninhibited  control  at  equal  concentrations  of  toxic.  Tabic  1 
lists  a  number  of  aromatic  compounds  along  with  the  degree  to  which 
they  inhibit  growth. 


Table,,,  1 

Inhibition  of  Aromatic 

Conroounds 

benzene 

o  c,rtf 
<~J/o 

Toluene 

14 

M-xylene 

4 

Mesltyiene 

11 

Tetramethylbenzene 

57 

Pentamethylbenzene 

76 

Hexametnylbenzene 

44 

Cyclohexane 

-44 

It  in  interesting  to  note  that  in  this  instance  inhibition  generally 
increases  with  the  substitution  of  methyl  groups  (xylenes  excepted) 
until  rnrnpletc  replacement  of  hydrogen  is  reached  whereupon  molecular 
activity  is  somewhat  reduced.  On  the  other  hand  some  side  chain  aadi 
tives  such  as  that  on  p-cymene,  which  is  saturated,  show  decided  stim 
ulating  properties. 

The  nitro  compounds,  particularly  where  come  chlorine  sub¬ 
stitution  also  has  been  included,  provide  some  interesting  data.  The 
inhibition  qualities  of  a  number  of  aliphatic  nitro  compounds  are 
shown  in  Table  2 . 


Table  2 

Inhibition  of  Aliphatic  Nitro 

Conroounds 

Nibrome thane 

0 % 

Nitroethano 

-20 

1-N’itropropane 

-16 

2-Nitropropane 

1-Chloro-l-nitropropane 

-2 

2-Chloro-2-nitropropane 

53 

1 . 1-Dichloro-l-n 1 tropropane 

50 

Nitrocyclohexanc 

0 

In  each  instance  where  substitution  of  one  group  or  another  has  been 
made  the  compound  tends  to  stimulate  fungal  growth  rather  than  sup¬ 
press  it.  On  tne  other  hand,  inhibit ive  qualities  are  usually  stim¬ 
ulated  by  introducing  both  a  nitro  group  and  a  chlorine  group  into 
the  same  molecules.  Similar  studies  revealed  that  the  presence  of 
bromine  alone  in  the  absence  of  a  nitro  group  imparted  considerable 
inhibition,  and  in  some  instances  the  greater  the  degree  of 
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substitution  the  more  pronounced  the  inhibition. 

Returning  again  to  the  ring  compounds,  substitution  by  both 
chlorine  and  the  nitro  group  are  required  for  optimum  fungal  growth 
inhibition.  This  is  illustrated  by  the  data  of  Table  3. 


Inhibition  of  Aromatic  Nitro  Compounds 


Nitrobenzene 

7 % 

m-Nitrotoluene 

100 

2-Nitrocymene 

67 

1-N itronaphthal ene 

90 

m-Dinitrobenzene 

100 

2 ,4-Dinitro toluene 

10O 

1, 3, 5-Trinitrobenzene 

100 

l-Chloro-2 -nitrobenzene 

100 

l-Chloro-4-nitrobenzene 

100 

l-Chloro-2, 4-dinitrobenzene 

100 

For  example  chlorobenzene  (not  shown)  is  almost  nontoxic  and  nitro¬ 
benzene  is  only  partially  effective;  both  substituents  introduced 
.into  the  same  ring  provide  complete  protection.  In  additional  ex¬ 
periments  it  was  demonstrated  that  chlorine  introduced  directly  into 
the  ring  was  much  more  active  than  when  attached  to  a  side  chain 
where  its  effect  was  neutral. 

Before  concluding  the  discussion  of  fungi  as  they  might 
affect  electronic  components  we  would  like  to  cite  one  experiment  of 
significant  interest  because  it  represents  an  ingenious  separation 
of  two  almost  inseparable  phenomena  -  moisture  and  fungus.  Samples 
of  a  vinyl  insulated  wire  were  cleansed  and  one  set  contaminated 
with  ’'sterile"  or  dead  fungus  spores  as  a  control.  The  second  set 
was  inoculated  with  perfectly  normal  live  spores  of  the  same  species 
and  both  sets  incubated  under  optimum  conditions  for  stimulating 
growth.  Periodically  the  resistance  of  the  insulation  was  measured 
with  the  results  shown  in  Figure  13.  In  the  case  of  the  sterile  in¬ 
sulation  no  breakdown  in  resistance  was  noted  even  under  conditions 
of  high  humidity.  With  the  growth  and  multiplication  of  the  healthy 
spores  a  situation  quickly  developed  which  could  cause  direct  short¬ 
ing  and  resulting  damage  even  though  the  insulating  medium  itself 
was  not  necessarily  degraded. 

Quite  recently  the  role  which  fungi,  and  bacteria  for  that 
matter,  can  and  do  assume  in  another  area  has  been  demonstrated 
rather  forcibly.  Instances  have  been  reported  where  biological 
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growths  have  cor.tr ILu  Led  directly  to  the  degradation  of  aviation  fuel 
This  deterioration  has  been  manifested  by  an  accumulation  of  the  or¬ 
ganisms  themselves  and  mycelia  or  debris  associated  with  than.  When 
further  complicated  by  corrosion  product  the  result  can  be  the  clog¬ 
ging  of  filters  at  critical  moments  in  flignt.  Figure  14  shows  a 
collection  of  ouch  debris  and  organisms  sustained  at  the  water-fuel 
interface  of  a  sample  removed  from  the  tanks  of  an  aircraft  carrier. 
Subsequently  n  culture  was  made  of  these  organisms,  the  result  of 
which  is  shown  in  Figure  15.  The  darker  areas  are  fungus  whereas  the 
light  spots  urw  bacteria .  Use  fungus,  a  photomicrograph  of  which  is 
shown  in  Figure  16,  was  subsequently  identified  tentatively  as  be¬ 
longing  to  the  Hormoder.dron  generuc  and  is  capable  of  utilizing  eithe 
the  fuel  . th»  bacteria  inevitably  associated  with  it  as  its  source 
of  carbon.  The  solution  to  this  problem  is  rather  complex.  The  in¬ 
clusion  of  chemical  additives  which  could  be  expected  to  eliminate 
most  biological  activity  is  not  always  compatible  with  fuel  ingredi¬ 
ents.  Presently  recommended  practices  require  immaculate  care  and 
;ood  housekeeping  at  all  stages  of  fuel  transfer. 

Before  leaving  our  work  on  fungi  and  their  control  we  would 
like  to  add  that  our  hopes  were  that  work  of  the  type  described  would 
lead  to  the  suggestion  of  a  structure  for  an  ideal  fungicide.  How¬ 
ever,  .as  is  too  often  the  case  in  studying  the  habits,  attitudes  and 
behavior  of  naturally  occurring  organisms,  these  behaviors  cannot  be 
too  well  predicted  and  perhaps  in  some  cases  these  "beasts"  of  nature 
abe  thoroughly  capable  of  changing  their  normal  habits  to  combat  with 
some  success  changing  situations  confronting  them.  It  is  impossible 
to  go  very  far  beyond  the  generalizations  already  cited  with  refer¬ 
ence  to  specific  classes  of  compounds.  In  the  formulation  of  spec¬ 
ific  inhibitive  coatings  reliance  must  be  placed  on  field  performance 
of  such  materials  without  specific  reference  to  the  toxic's  behavior 
under  carefully  controlled  in  vitro  conditions,  Examples  of  popular 
additives  for  inducing  toxicity  to  organic  films  are  pentachloro- 
phenol  and  phenylmercuric  salicylate,  both  of  which  respond  convinc¬ 
ingly  to  petri  dish  tests  but  which  require  excessive  loadings  in 
organic  films  for  comparable  protection.  Better  results  to  be  ex¬ 
pected  in  the  field  may  be  obtained  from  salicylanilide  and  para- 
toluene-sulfonamide  which  require  more  feasible  loadings  as  well  as 
being  more  economical.  In  concluding  this  phase  of  this  d  G  ion, 
it  should  be  pointed  out  that  suitable  precaution  must  be  observed  in 
handling  and  applying  products  containing  the  organomercurials  and 
their  use  should  be  avoided  in  proximity  with  sensitive  selenium 
rectifiers  in  many  electronic  assemblies. 

Macro.  Organisms  -  The  problems  of  protecting  wood  piling 
and  hulls  from  destruction  by  shipworms  and  maintaining  ships'  hulls 
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Figure  ll+.  Fungal  Debits  at  Fuel-Water 
interface 


Figure  15.  Culture  ol'  Organisms  Removed 
iron  Fuel  Tank 
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free  of  enorustating  fouling  attachment  io  ua  old  do  the  history'  of 
sea  power  and  improved  methods  are  still  being  sought  to  meet  them. 

To  illustrate  the  severity  ef  fouling  attachment  to  unprotected  sur¬ 
faces  attention  is  invited  to  Figure  17 ;  which  is  a  photograph  of  a 
PBM  wing  pontoon  anchored  in  Biscayne  Bay  at  Miami  for  12  woeko.  The 
left  aide  wee  protected  with  a  thin  t'LUn  antifeuling  paint  designed 
for  flying  boat  hulls  and  the  right  side  had  reeoived  a  coating  of 
nontoxic  enamel.  This  subject  has  been  reviewed  so  often  that  the 
discussion  here  will  be  limited  to  a  brief  resume  of  present  prac¬ 
tices.  During  World  War  II  investigators  at  the  Woods  Hole  Oceano¬ 
graphic  Institution  (14)  clearly  demonstrated  that  any  painted  surface 
immersed  in  the  sea  would  remain  free  of  fouling  attachment  for  such 
time  as  the  paint  could  provide  copper  metal  available  at  the  surface 
for  solution  in  the  sea  at  a  minimum  rate  of  10  micrograms  per  square 
decimeter  of  surface  per  24  hours.  This  provided  a  highly  usef  ui  tool 
which  has  been  widely  adapted  10  the  development  of  presently  speci¬ 
fied  ship  bottom  paints.  The  result  has  been  the  formulation  of  a 
variety. of  several  paint  types  with  specific  properties  related  to 
particular  application  requirements.  Thin  film  paints  based  on 
chlorinated  rubber  are  available  for  application  to  accoustical  sur¬ 
faces  of  underwater  sound  gear.  Plastics  paints  (both  hot  and  cold 
at  time  of  application)  are  available  in  thick  films  for  major  ships 
which  are  capable  of  giving  protection  for  up  to  three  years.  Hard 
films,  usually  baaed  on  vinyl  resins,  are  applied  to  racing  hulls  and 
so  on.  Opportunity  for  further  improvements  in  this  field  would  ap¬ 
pear  to  derive  from  advances  in  the  physical  properties  of  the  paints 
or  perhaps  in  the  evolution  of  an  effective  organic  toxicant  to  re¬ 
place  the  inevitable  copper  cr  mercury.  Some  progress  has  been  made 
in  the  use  of  supersonics  and  radiation  as  a  means  of  fouling  control 
but  attendant  requirements  are  somewhat  incompatible  with  the  opera - 
tion  of  ships  of  the  fleet. 

Before  concluding  any  discussion  on  deterioration  some  ref¬ 
erence  must  be  made  to  the  destructive  effects  of  the  shipworm. 

Perhaps  the  most  troublesome  organisms  with  which  we  must  deal  in 
this  area,  fere  the  Teredo  and  Limnoria.  The  piling  shown  in  Figure  18 
illustrates  the  damaging  onslaughts  of  which  Limnoria  are  capable. 
These  piles  are  as  neatly  severed  as  If  by  beavers  constructing  a 
dam.  Limnoria  do  not  inhabit  wood  but  attack  it  from  its  surface. 

On  the  other  hand  Teredo  seek  wood  as  a  place  of  abode  and  systemat¬ 
ically  destroy  wooden  structures  while  seeking  a  home.  This  is  shown 
quite  clearly  in  the  cutaway  piling  in  Figure  19.  Between  them  these 
two  organisms  comprise  a  formidable  foe.  Historically  the  most 
effective  means  of  protecting  wood  from  such  deterioration  lias  been 
relatively  heavy  impregnations  with  creosote  or  blends  of  creosote 
with  coal  tar.  In  the  pact  decade  a  number  of  alternate  treatments 
have  been  proposed  and  indeed  a  few  have  been  adopted  for  the 
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Figure  16.  Photograph  of  Fungus  in  £uel 


Figure  17.  PHI-1  Wing  Pontoon  after  .exposure  to 
Fouling  Attack  lor  Three  Months 


Figure  IB.  Piling  Deft.rnyflO  by  Limnoria 
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impregnation  of  wood  to  be  used  in  terrestrial  installations.  Ex¬ 
amples  are  pentachlorophenol  and  several  varieties  of  copper  com¬ 
pounds.  No  such  treatments,  however,  have  proved  entirely  effective 

in  marine  service. 

In  reviewing  the  history  of  the  development  of  current  creo¬ 
sote  specifications  it  appears  that  most  modifications  have  resulted 
from  factors  othor  than  a  redefinition  of  some  chemical  or  toxicologi¬ 
cal  property  which  would  describe  a  more  effective  preservative.  Work 
has  been  in  progress  at  NRL  during  the  past  six  years,  the  objective 
of  which  has  been  the  characterization  of  creosote  with  a  view  of  cor¬ 
relating  specific  properties,  preferably  chemical,  with  its  efficacy 
as  a  preservative. 

The  approach  has  been  'to  separate  creosote  into  fractions 
which  subsequently  are  amenable  to  study  by  ultraviolet  and  infrared 
spectroscopy.  Simultaneously  these  fractions  were  evaluated  for 
their  protective  qualities  by  exposing  panels  Impregnated  with  them 
to  a  marine  environment  heavily  infested  with  Teredo  and  Limnorxa. 
There  is  little  evidence  that  some  well  defined  fraction  of  creosote 
is  substantially  richer  in  preservative  qualities  than  the  whole. 
Valuable  data  have  been  produced,  however,  to  suggest  that  some  frac¬ 
tions  contribute  to  the  staying  power  of  the  preservative  whereas 
others  contribute  more  forcibly  to  its  toxicity.  Obviously  the  most 
effective  poison  is  of  little  or  no  value  if  it  is  leached  rapidly 
and  thus  exhausted.  Reference  is  made  to  published  papers  (15-20) 
for  details  of  this  work. 

I  would  like  to  cite  one  technique  that  has  proven  of  value 
in  attacking  this  problem.  It  has  been  difficult  in  the  past  to  de¬ 
termine  by  experiment,  short  of  a  full  term  exposure  of  a  representa¬ 
tive  batch  sample,  the  efficiency  of  a  creosote  sample.  This  is 
related  closely  to  the  fact  that  creosote  steadily  leaches  from  the 
wood  until  finally  a  point  is  reached  beyond  which  its  preservative 
qualities  are  lost.  In  order  to  simulate  this  behavior,  some  leach¬ 
ing  experiments  were  conducted  in  which  sapwood  panels  were  impreg¬ 
nated  with  measured  retention  quantities  and  then  leached  under 
artificial  but  accelerated  conditions.  Figure  20  describes  the  rate 
at  which  whole  creosote  is  leached  from  wood  under  several  sets  of 
conditions.  Following  a  number  of  experiments  the  conclusion  was 
reached  that  flowing  water  at  80°  C  provided  on  accelerated  condi¬ 
tion  that  more  closely  approximated  studies  on  samples  leached  nat¬ 
urally  in  the  sea.  For  example  it  may  be  ooon  from  Figure  20  that 
following  an  initial  interval  the  amount  of  creosote  removed  from 
wood  by  flowing  water  nt  80°  C  after  any  givon  number  of  hours  in 
npproximnUly  aquivalant  k>  tha  Amount  ramovad  in  aa  many  daya  at 
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Figure  19*  Piling  Attacked  ay  Teredo 


Figure  20,  Leaching  of  Creonote  from  Wood 


214 


& 


Alexander 


25°  C  In  stagnant  water. 

This  technique  was  used  to  study  the  rate  at  which  individ¬ 
ual  fractions  of  creosote  might  be  removed  from  wood.  The  data  from 
one  such  experiment  are  shown  in  Figure  21.  As  might  be  expected, 
the  heavier  the  fraction  the  stronger  its  staying  power. 

With  the  major  chemical  coixstiluents  known  il  was  tnougnt 
to  be  of  interest  to  observe  the  rate  at  which  these  individual  com¬ 
pounds  might  be  leached  from  wood.  The  result  is  shown  in  Figure  22. 
Following  this  result  a  "synthetic"  epeosote  was  prepared  from  pure 
chemicals  which  on  exposure  was  quite  comparable  to  a  creosote  con¬ 
trol  when  unleached  before  placing  on  test.  However,  a  sample 
leached  for  16  days  prior  to  exposure  failed  early  when  compared  to  a 
leacned  creosote  control.  Thus  the  synthetic  lacked  the  staying  pow¬ 
er  of  the  natural  product.  Current  experiments  to  improve  this  prop¬ 
erty  are  in  progress  in  which  resins  are  being  added  to  simulate  the 
inevitable  residue  present  in  creosote. 

In  conclusion  I  would  like  to  show  you  that  not  only  wood 
*  but  some  metals  as  well  are  attacked  by  marine  organisms  looking  for 
an  abode.  Figure  23  is  a  photograph  of  a  l/4"  magnesium  panel  immed¬ 
iately  on  its  removal  frivn  7-1/2  years'  immersion  in  the  sea  at  Ft. 
Amador,  C.  Z.  The  perforations  in  this  panel  were  made  by  the  organ¬ 
ism  Lithcphaga  which  in  this  case  may  be  seen  in  the  burrows.  Figure 
24  is  a  duplicate  panel  that  has  been  cleaned  and  in  which  the  per¬ 
forations  are  quite  evident. 

It  has  been  the  purpose  of  this  paper  to  point  out  some  of 
the  many  factors  in  nature  that  are  continuously  at  work  to  degrade 
the  materials  of  human  productivity.  A."  so  we  have  tried  to  point  to 
a  few  instances  where  successful  efforts  are  being  made  to  eliminate 
or  at  least  reduce  the  impact  of  these  forces. 
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Ft  cure  21.  Leaching  of  Creosote  Fractions  from  Wooa 
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Figure  22*  Leaching  of  Constituents  of  Creosote 

from  Wood 
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figure  23.  Lithophaga  "infested"  Magnesium 


Kigure  2U*  Magnesium  Panel  Snowing  Lithophaga 
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RESPONSE  OF  AIRCRAFT  SKIN  MATERIALS  TO 
RADIATION  FROM  HIOH-T EKPERAT’URE  SOURCES 


J.  Bracctaventi  «*  T.  I#  Hcrahan 
Material  Laboratory 
New  lark  Naval  Shipyard 
Brooklyn  1,  Now  York 


INTRODUCTION 

Since  1950  the  Naval  Material  laboratory  under  the  sponsor¬ 
ship  of  the  Araed  Forces  Special  Weapons  Project  has  been  engaged  in 
a  study  of  the  effects  of  the  thermal  radiation  of  nuclear  detonations 
on  materials.  The  study  has  included  not  only  participation  in  the 
several  AEC-DOD  field  tests  at  the  Nevada  and  Enivetok  Proving  Grounds^, 
but  also  extensive  experimental  investigations  in  the  laboratory. 

Far  this  program,  a  number  of  high-intensit  y  sources  of  therm!  radi¬ 
ation  have  been  developed,  either  at  the  Laboratory  or  under  the 
Laboratory* 8  technical  cognizance.  These  source?  simulate  the  heat 
output  of  a  nuclear  detonation.  In  addition  to  prosecuting  several 
problems  of  a  research  nature,  the  Laboratory  has  studied  tha  thermal 
damage  phenomenology  of  materials  of  interest  to  the  several  Military 
and  Civil  Defense  agencies. 

"he  Naval  Material  Laboratory  has  collaborated  with  the 
Strategic  Air  Command,  the  Wright  Development  Center,  the  Bureau  of 
Aeronautics  and  the  Naval  Air  Material  Center  in  studies  to  determine 
the  thermal  radiation  characteristics  of  the  various  components  of  an 
aircraft,  so  as  to  estimate  the  capabilities  and  limitations  involved 
in  dropping  a  nuclear  weapon  from  an  aircraft  without  damaging  the 
plane  or  its  escort  craft.  Experience  has  shown  that  aircraft  in  the 
line  of  sight  of  a  nuclear  detonation  can  be  severly  damaged  and 
rendered  non-ope rational  by  the  intense  thermal  radiation  of  the 
tarst.  As  the  yield  of  a  nuclear  weapon  increases  and  approaches 
that  of  a  thermonuclear  weapon,  protection  against  thermal  radiation 
becomes  more  important  than  protection  against  either  blast  or  ioniz¬ 
ing  radiation.  In  these  cases  the  distance  of  closest  safe  approach 
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to  the  burst  will  b«  limited  wore  by  the  optical  and  thermal  properties 
of  the  aircraft  skin  than  by  its  structural  strengthe 

The  critical  areas  on  an  aircraft  are  those  which  "see*  the 
fireball  of  an  explosion,  and  on  which  the  fireball  radiation  is 
Incident  and,  therefore,  at  least  partially  absorbed.  Consequently, 

U»  paint  eye  tea  covering  an  aircraft  is  critical.  Flaain  g,  chi*  * 
and  blistering  of  the  p^int,  due  to  the  direct  absospiton  of  radiant 
energy,  are  hazards  involving  possible  destruction  of  the  aircraft; 
in  addition,  stresses  generated  in  the  aircraft  by  the  unequal  distri¬ 
bution  of  te^pe.  a  tunes  in  the  structure  arising  from  the  heating  of 
the  skin  may  ca  buckling  and,  therefore,  destruction.  The  thinner 
or  leas  massive  the  aircraft  skin  and  the  greater  the  absorptance  of 
the  surface,  the  greater  will  be  the  thermal  hazard.  Particularly 
susceptible  are  the  thin  control  surfaces  that  "see*  the  burst.  The 
thicknesses  of  aircraft  skin  are  dictated  by  design  requirement  and 
are  not  readily  amenable  to  change.  The  surface  condition  of  the 
skin,  as  it  affects  the  absorptance  or  color,  lends  itself  more  easily 
to  modification  at  the  needs  of  the  service. 

The  Navel  Material  laboratory  has  collaborated  with  the 
Bureau  of  Aeronautics  and  the  Air  Force  in  a  program  to  develop  a 
satisfactory  coating.  The  Laboratory  has  been  concerned  with  the 
physics  of  the  problem.  The  chemisiry  of  the  paint  systems  has  been 
a  direct  concern  of  the  other  agencies,  their  laboratories  and 
contractors. 


DAMAGE  CRITERIA 

A  principal  consideration  in  evaluating  a  painted  surface 
is  its  reflectance,  which  determines  the  amount  of  energy  which  la 
absorbed  by  the  paint  layer.  Assuming  that  the  paints  of  two  air¬ 
craft  have  reflectances  of  20  and  80  percent,  respectively,  the 
radiant  energy  aba orbed  by  these  surfaces  would  vary  in  the  ratio  of 
1:  to  1. 


The  studies  at  the  Naval  Material  Laboratory,  have  included 
measurements  of  the  spectral  reflectance  of  several  paint  systems. 
While  the  absorptance  of  the  paints  in  the  ultraviolet  is  appreciable, 
the  percentage  of  the  bomb  spectrum  in  the  ultraviolet  is  relatively 
small,  lass  than  10  percent.  Consequently,  reflectance  measurements 
were  not  made  in  the  ultraviolet,  but  were  confined  to  the  visible 
and  infrared  regions. 

A  second  criterion  to  be  employed  in  considering  an  aircraft 
skin  costing  la  its  "critical  radiant  exposure",  that  is,  the  thertrml 
energy  corresponding  to  specific  damage  to  the  paint.  Charring  and 
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blistering  of  the  paint  surface  are  such  points,  wnich  define  the 
limitations  of  a  given  paint  system,  and  which  can  be  recognized 
readily  upon  examination. 

The  third  criterion  to  be  employed  in  considering  an  air¬ 
craft  paint  system  is  its  temperature  characteristic.  A  paint  system 
nay  suffer  little  damage  in  itself  but  may  cause  the  temperature  of 
the  aircraft’s  skin  to  rise  to  a  dangerous  level,  generating  stresses 
in  the  aircraft  which  lead  to  buckling  and  destruction# 

THERMAL  RADIATION  SOURCE 

In  evaluating  the  damage  to  several  panels  of  materials 
exposed  during  Operation  CROSSROADS,  several  laboratory  methods  of 
duplicating  thermal  damage  were  tried  at  the  Naval  Material  Laboratory 
leading  to  the  development  of  the  carbon-arc  source  of  J.ntansa  thermal 
radiation,  in  which  the  radiation  emitted  by  the  arc  is  imaged  ijy 
appropriate  optics* 

The  source  employed  in  these  studies  consists  of  a  standard 
Navy  36-inch  carbon-arc  searchlight*  The  arc  utilizes  16  mra  diameter 
positive  carbons  and  11  mm  diameter  negative  carbons,  end  normally 
operates  at  78  volts  and  155  amps.  At,  optical,  diagram  of  the  thermal 
source  is  shown  in  Figure  1,  In  operation,  a  crater  in  the  positive 
carbon  is  filled  by  a  glowing  gas  ball  which  emits  the  radiation. 

This  gas  ball  is  at  the  focus  of  a  paraboloidal  mirror  with  36-inch 
diameter  which  collimates  the  radiation.  A  second,  similar  36-inch 
paraboloidal  mirror  mounted  coaxially  with  the  first  several  feet 
away,  refocuses  the  radiation  at  the  focal  point  of  the  mirror  and 
forms  an  image  of  the  glowing  gas  ball.  Exposures  of  materials  are 
generally  made  in  the  focal  region.  With  optics  in  good  condition, 
the  spot  has  an  irradiance  which  averages  ?0  cal/ cm 2  sec  over  an  area 
5  mm  in  diameter,  and  which  falls  to  an  average  of  70  cal/cm?  sec 
over  a  region  9  on  in  diameter.  This  "irradiance  is  more  than  suf¬ 
ficient  for  most  exposures  since  it  represents  the  peak  irradiance  at 
less  than  one  mile  from  a  20  kt  burst.  Screens  are  inserted  in  the 
collimated  beam  to  reduce  the  irradiance  to  the  desired  level. 

Control  of  exposure  time  is  exercised  by  a  solenoid-operated 
knife-blade  shutter  placed  Just  forward  of  the  fee?.]  plane  as  shown 
in  Figure  2.  The  shutter  system  is  actuated  by  an  electronic  timing 
circuit  and  the  "open”  time  is  registered  on  ar,  electric  clock.  This 
shutter  operation  produces  an  essentially  square  wave  pulse  whose 
total  radiant  exposure  is  given  by  the  product  of  the  irradiance  and 
time. 
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Figure  1  -  NML  36-inch  paraboloidal-mirror 
arc-image  source  of  thermal  radiation 


Figure  2  -  Knife-blade  shutter  at  focus  of 
thermal  radiation  source 
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Exposures  are  monitored  by  exposing  a  copper-button  chlori¬ 
nate?  with  an  appropriate  aperture,  which  for  the  aircraft  akin  speci¬ 
mens  Is  i  9  m  round  aperture  in  a  polished  aluminum  plate. 

At  distances  of  operational  interest,  the  spectral  (wave¬ 
length)  distribution  of  the  incident  thermal  radiation,  integrated 
with  respect  to  tine,  resembles  very  closely  the  spectral  distribution 
of  sunlight.  For  each,  slightly  less  than  one-half  of  the  radiation 
occurs  in  the  visible  region  of  the  spectrum,  npproxlwathl/  ona— half 
occurs  in  the  infrared  region,  and  a  very  small  fraction  (rarely 
greater  than  10  percent)  lies  in  the  ultraviolet  region  of  the  epectrun. 
The  color  temperatures  of  the  sun  and  of  an  air  burst  are  both  about 
6000*K.  The  color  temperature  of  the  carbon  arc  is  approximately 
5800* K,  and  there  is  substantially  more  infrared  energy  in  its  spec¬ 
trum  than  in  that  of  the  sun  or  nuclear  detonation. 

The  results  of  numerous  field  tests  have  shown  that  the  ball 
of  fire  in  a  nuclear  detonation  does  not  behave  as  a  perfect  radiator. 
This  is  due  to  a  number  of  factors.  The  surface  temperature  during 
the  first  radiation  pulse  is  modified  by  the  disturbed  air  iaeediately 
around  the  fireball  and,  at  later  time,  the  temperature  is  not  that 
of  the  surface  but  the  result  of  radiation  some  distance  within  the 
fireball.  The  radius  of  the  fireball  during  the  second  thermal  pulse 
is  very  difficult  to  determine  because  the  surface  of  the  luminous 
fireball  becomes  very  diffuse.  Since  the  radii  and  surface  temper¬ 
atures  will  depend  on  the  energy  yield  of  the  explosion,  a  different 
curve  will  be  obtained  for  every  value  of  yield.  However,  it  is  possi¬ 
ble  to  generalise  the  results  by  means  of  scaling  laws,  so  that  a 
curve  applicable  to  the  second  puLse  for  all  energy  yields  can  be  ob¬ 
tained  from  a  single  set  of  calculations.  Actually,  the  power  P,  is 
measured  directly  as  a  function  time,  t,  for  each  explosion.  However 
instead  of  plotting  P  versus  t,  a  curve  is  drawn  of  the  scaled  power, 
i.e,,  P/P  rgax  versus  the  scaled  time,  t/t  max,  where  P  max  is  the 
maximum  value  the  thermal  power,  corresponding  to  the  temperature 
maximum  in  the  second  pulse,  and  t  max  is  the  tims  at  Which  this 
maximum  ia  attained.  The  resulting  curve,  shown  in  Figure  3,  is  of 
general  applicability,  irrespective  of  the  yield  of  the  explosion. 

Also  shown  in  Figpre  3  is  the  Irradiance-tirae  characteristic  of  the 
laboratory  source,  which  results  from  the  modulation  of  the  radiation 
by  a  cam-operated  Venetian  blind  shutter  placed  in  the  collimated 
beam.  Tha  properly  cut  cam  is  driven  by  a  variable  speed  motor  and 
pulses  are  produced  corresponding  to  weapon  yields  in  the  range  from 
50  kllotons  to  many  megatons.  The  pulsing  shutter  and  drive  mechanism 
are  anown  in  Fig^ra  h.  The  timing  of  the  pulae  is  again  controlled 
by  the  knife-blade  shutter  and  timer  system  which  is  synchronised 
with  the  css.  The  knife  blade  shutter  is  set  to  open  as  the  Venetian 
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Figure  3  -  Laboratory  replication  of  generalized  field  pulse 


>  ''A. 


Figure  4  -  Shutter  and  drive  mechanism 
of  thermal  radiation  source 
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blind  start*  to  span  and  to  clo*a  at  a  time  equal  to  approximately  10 
time a  the  time  to  maximum  Jr radiance. 

Table  1 


The  spectral  reflectance  measurements  wer*  made  in  the 
spectral  region  from  U000  to  27*000  Angstroms,  In  general,  the  data 
in  the  risible  and  near  infrared  regions  (UQ0C-10,()CQ  Angstroms)  wen 
obtained*  using  a  General  Electric  Recording  Spectrophotometer  (X) j 
a  Perfcin-EImer  Infrared  Spectrometer  (2)  was  the  bstsic  instrument 
employed  for  the  measurement*  beyond  10*000  Argstrusa.  The  measure¬ 
ments  using  the  Pericin-Elmer  instrument  were  extended  to  those  war® 
lengths  covered  by  the  General  Electric  Spectrophotometer  tc  enable 
proper  correlation  of  the  two  sets  of  date*  an  important  considera¬ 
tion  because  of  the  different  methods  employs*!  to  irradiate  the  sanple 
and  collect  the  reflected  energy. 

Reflectance  measurements  with  the  General  Electric  Spectro  = 
photometer  vere  taken  in  a  straightforward,  manner.  Special  auxiliary 
equipment  (3),  usoigned  and  constructed  at  the  Naval  Material  Labora¬ 
tory,  was  employed  for  the  reflectance  aef.suremeits  in  the  Infrared, 
This  attachment  is  s~>eentially  a  hemispherical  integrator  mounted  at 
the  exit  window  of  the  Per  kin -Elmer  monochromator. 

The  reflectanc*  ^*ta  for  three  paint  colors  used  in  Naval 
aircraft  *r*  given  in  Figure  5-  From  these  data  one  concludes  that 
the  gull  gray  and  eea  blue  coatings  are  2.5  and  3.5  times  as  ab¬ 
sorbing  as  the  ensign  white  coating. 

CRITICAL  RADIANT  EXPOSURE 


To  determine  the  cri  tical  radiant  exposure  which  could  cause 
the  paint  to  blister*  specimens,  $  mm  in  diameter*  were  "temped  out 
of  painted  sheets  of  aluminun.  The  size  cf  the  specimen  is  dictated 
by  the  f»i*e  of  the  irradiated  spot.  The  specimens  were  mounted  in 
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tha  focal  plan*  of  the  condensing  mirror  between  three  knife-edge 
pins,  as  shown  in  Figure  6.  Since  there  measurements  were  made  prior 
to  the  development  of  the  nuclear  pulse  simulator,  constant- irradiarice 
pulses  were  applied  to  the  three:  paint  systems  which  are  typical  of 
those  employed  in  Naval  aircraft.  For  given  fwl»e  lengths  the  irra- 
dinnee  was  varied  and  the  threshold  ther.ial  flux  to  cause  blistering 
of  the  paint  was  determined,  using  an  *up-anri*»do*rn*  statistical 
method.  From  the  data  obtained  and  from  empirical  relationships 
developed  in  a  similar  invest! nation  the  critical  radiant  exposures 
were  determined  for  laboratory  pulses  simulating  nuclear  weapon 
yields  of  $ 0  and  1,000  kt.  The  data  are  given  in  Table  1.  The 
superiority  of  the  white  paint  is  demonstrated.  Also,  it  may  be 
noted  that  the  critical  radiant  eiepoeure  of  a  given  paint  system  is 
inversely  proportional  to  its  absorptance* 

SPECIFIC  TEMPERATURE  RISE 

The  Naval  Material  Laboratory  has  developed  a  convenient 
method  to  measure  reliably  the  transient  temperature  rise  of  a  speci¬ 
men  which  results  from  exposure  to  intense  thermal  radiation  for  du¬ 
rations  as  chort  as  0.3  second*  a  thermocouple  technique  is  employed, 
with  the  thermocouple's  output  read  on  a  recording  potentiometer. 
Contact  with  the  rear  surface  of  the  specimen  is  achieved  without 
iff-' '"ting  the  physical  characteristics  of  the  palnt-on-wetal  surface* 

A  constantan  and  an  iron  wire  are  held  against  the  back  of 
the  specimen  by  spring  pressure,  and  the  other  ends  of  the  wires  are 
connected  to  the  potentiometer.  The  circuit  through  the  thermocouple 
is  completed  by  the  speciiten  itself.  This  provides  a  rapid  method  of 
screening  samples  without  the  necessity  for  wsluing.  soldering  or 
puening  thermocouples  into  the  specimen. 

For  comparative  purposes,  samples  with  different  coatings 
were  exposed  to  constant  irradiance  pulse*  of  equal  duration  and  in¬ 
tensity  level,  and  from  the  observed  temperatures,  the  specific 
temperature  rise  (the  temoaraturw  ri.ee  per  unit  radiant  exposure)  was 
computed.  As  mentioned  above,  tha  specific  W«p4sraturo  i? 

r*e**ur«  of  the  relative  protecting  power  of  a  coating. 

The  dependence  cf  the  specific  temperature  rise  on  the 
absorptance  of  the  irradiated  painted  specimen  is  shown  in  Figure  ?* 
In  tld*  phase  of  the  study  heat  losses  in  the  system  were  disregarded. 
It  is  to  be  noted  that  any  strict  relationship  breaks  down  due  to 
failure  to  account  for  heat  losses  in  the  system,  and  to  degradation 
of  the  coating  and  attendant  changes  in  absorptance.  These  data 
clearly  indicate  the  drastic  effect  which  dark  colors  have  in  cauainc 
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extreme  temperatures  and,  thereby,  possible  damage  tc  an  aircraft* 

Fbcr  the  lightest  color ,  the  temperature  rise  is  higher  for  the  0.3 
second  pulse  than  for  the  1.5  second  pulse,  indicating  that  not  only 
is  ths  total  flux  important  bit  also  the  rate  at  which  it  is  applied. 

The  effect  of  thickness  of  the  metal  substrate  on  the  temper¬ 
ature  rise  of  the  system  is  shown  in  Figure  8*  As  expected,  the 
temperature  ids®  of  ths  substrate  is  inver-eely  proportional  to  lta 
thickness.  If  ths  data  given  in  Figures  7  and  8  are  compared  one 
may  note  that  gray  paint  on  0*080  inch  thick  substrate  gives  a  temper¬ 
ature  rise  roughly  equivalent  to  that  on  a  white-painted  0.032  inch 
thick  alloy*  Decreasing  the  absorptance  by  approximately  one-half 
provides  the  ease  degree  of  protection  as  increasing  the  mass  of  the 
metal  by  150  percent* 

Another  variable  which  has  been  investigated  is  paint  film 
thickness*  Some  result?  for  one  paint  arc  given  in  Figure  y.  It  is 
to  be  noted  that  a  100-percant  Increase  in  film  thickness  gives  a  32 
percent  decrease  in  temperature  rise*  This  added  protection,  of 
course,  is  at  the  cost  of  additional  weight. 

It  has  been  shown  that  varying  the  relative  concentrations 
of  the  pigment  solids  in  a  paint  car.  affect  the  temperature  rise  of 
the  substrate  by  as  much  as  25  percent.  Similarly,  increasing  the 
pigment-vehicle  concentration  can  also  affect  the  temperature  rise  of 
the  substrate  by  as  much  as  15  percent*  In  actual  usage,  however, 
control  of  these  variables  does  not  always  yield  a  desirable  paint; 
such  qualities  as  adhesion  and  resistance  to  hydrocarbons  are  lost. 

The  temperature  rise  data  presented  thus  far  have  b<e‘pn 
derived  £ rou  conetant-irradiance  exposures  and  are  not  corrected  for 
losses  due  to  re-radiation  and  conduction.  Such  data  have  merit  for 
comparing  the  relative  value  of  various  paint  systems  as  temperature- 
rise  inhibitors,  but  do  not  yield  a  ready  estimate  of.  expected  temper¬ 
ature  rises  in  the  skin  of  aircraft  exposed  to  actual  nuclear  deto¬ 
nations.  Use  of  the  pulsing  shutter  developed  by  the  Naval  Material 
Laboratory  together  with  a  simple  correction  for  heat  losses  provides 
t!.  mere  realistic  estimate  of  the  temperature  rise  and  degree  of 
damage  that  can  be  expected  from  a  given  pulse.  The  data  for  one 
paint  system  in  both  the  clean  and  soiled  condition  and  in  two  color 
modifications  of  the  system  are  presented  in  Figure  10.  For  the  two 
colors,  small  amounts  of  blackening  were  added  to  the  original  white 
paint  to  approximate  different  degrees  of  soiling.  The  soiled  speci¬ 
mens  were  exposed  to  an  industrial  atmosphere  for  a  period  of  approxi¬ 
mately  six  months,  during  which  time  they  received  an  uneven,  oily, 
sooty  coat  of  soil.  These  specimens  were  exposed  to  the  laboratory 


*J“CUU  —  ^  =  *  l°C/c.l/c»2)  Specific  T^per.tur.  i  ll  •  (°C/cl/c^ 


Bracciaventi,  Monahan 


Substrata  TMckn*»»  ( i  O-"5  Inch**) 

FigurcS  -  Temperature  rise  of  coated  aircraft  skin  a .y  a 
funcuon  of  substrate  thickness 


230 


Bracciavcnti ,  Monahan 


10 


4 

u 

S 


0° 


fl 


2  Y 


— "  r  - - - - 

Sub»trat*  Thlcltnaaa:  0,016" 
(75  St  Aided) 

Paint  Colors  whit* 


Pll*  Tbickn»*«  (lo“3  Iocfaaa) 


Figure  9  -  Temperature  rise  of  coated  aircraft  skin  as 
a  function  of  film  thickness 


Figure  10  -  Temperature 
rise  of  painted  aircraft 
skin  when  irradiated  by 
nuclear  weapon  pulses 
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simulated-field  pulses  for  equivalent  w**pon  yields  of  approximately 
55  kt  and  10  Mt.  All  specimens  were  then  irradiated  by  a  second 
pulse  equivalent  to  a  $5  kt  detonation.  Tcnpersluje  corrections  were 
Made  by  exposing  unpainted,  blackened  specimens  of  the  same  type 
through  a  large  range  of  radiant  exposures  for  each  pulse  of  interest 
Lossless  temperatures  for  such  exposures  on  these  sp-^lTans  were 
calculated;  loss  rate  curves  for  each  pulse  were  determined  as  a 
function  of  the  Measured  temperatures,  The  corrections  indicated  by 
the  curves  for  each  case  were  applied  to  tho  paintod  specimens.  The 
temperature  riaes  of  the  paint  ays teas,  particularly  for  the  more 
highly  reflecting  paints,  are  proportional  to  their  abaorptonces .  It 
is  to  bo  noted  that  the  curve  for  the  second  exposure  shows  a  linear 
relationship  between  temperature  rise  and  absorptance,  with  a  higher 
slope  than  that  which  the  data  for  the  first  exposures  indicats.  It 
is  believed  that-  the  higher  absorbing  paints  suffer  greater  degra¬ 
dation  during  exposure,  which  then  cause  a  higher  temperature  rice 
rate  during  the  second  exposure.  Blistering  and  emission  of  volatile 
products  by  a  paint  film  cause  a  loss  of  desirable  film  properties, 
and  a  dacreasa  in  thermal  resistance  on  re-exposure, 

CONCLUSIONS 

The  results  of  these  studies  at  the  Naval  Material  Labora¬ 
tory  have  led  to  the  adoption  of  a  white  aircraft  coating  by  the  Navy 
and  Air  Force,  In  addition  to  providing  the  basic  data  for  deteraing 
the  thermal  envelopes  of  aircraft,  the  studies  have  indicated  the 
directions  for  improving  these  coatings.  In  collaboration  with  the 
N'avnl  Air  Material  Center  the  Laboratory  is  continuing  its  efforts  tc 
dovalop  a  superior  coating.  Such  a  system  must  have  initially,  and 
maintain  in  service,  a  low  radiant  absorptance.  The  coating  must  be 
able  to  withstand  repeated  exposures  to  thermal  radiation,  yet  have  a 
reasonable  thickness. 
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Rosa  E.  Morris 

Rubber  Laboratory,  Mare  Island  Naval  Shipyard 
Vallejo,  California 


In  order  to  design  equipment  for  operation  in  a  nuclear 
radiation  field;  it  is  important  to  koov  tbi*  effects  of  the  radia¬ 
tion  on  the  aa t aria  1b  to  be  used  in  the  structure.  The  working  Ilfs 
of  a  material  under  these  conditions  depends  on  the  length  of  time 
that  ita  properties  which  are  critical  to  the  operation  remain  at 
adequate  levels.  The  ohesdc-1  changes  which  occur  in  a  material 
during  irradiation  are  of  oonaecmer.ee  only  in  so  fhr  as  they  affect 
its  physical  properties;  or  affect  the  physical  properties  of  adja¬ 
cent  materials. 

Rubber  items  are  often  necessary  parte  of  mechanical 
devicoe,  particularly  for  scaling  fluids  at  joints  and  at  sliding 
contacts  of  hydraulic  systems.  The  unique  properties  of  a  rubber 
vulcanise te  which  make  it  outstanding  for  this  purpose  are  its 
softness  and  it»  recovery  stress  against  the  restraining  surfaces. 

Its  softness  enables  it  to  conform  to  minor  irregularities  on  the 
restraining  surfaces,  and  its  recovery  stress  prevents  the  passage 
of  fluid.  These  are  the  critical  properties  which  must  be  retained 
by  gaskets  and  seels  umu  ah  uuuiw  radiation  Holds. 

Softness  or  its  inverse,  hardness,  is  an  easy  property  to 
measure  and  is  being  employed  by  this  laboratory  as  a  criterion  in 
the  development  of  vulcanise  tea  for  gaskets  and  seals  to  be  subjected 
to  nuclear  radiation.  The  objective  is  to  find  a  vulcanise te  which 
uadergoes  the  least  change  in  softness  after  extensive  exposure  to 
nieleer  radiation.  The  ability  cf  a  vulcanise  to  to  retain  its  re¬ 
covery  atrv’re  while  under  compression  is  a  anra  difficult  property 
to  measure,  and  therefore  is  not  being  used  as  &  criterion  at  this 
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stage  o?  the  development  work,  Instead,  the  compression  set  of  the 
vuloanlzate  after  irradiation  ic  being  used*  Compression  set  is  a 
iCisrure  of  uh«  iTMahlllwy  of  a  ounpr«dvwu  rubuwr  specimen  to  recovo* 
its  original  height  when  released.  This  property  is  generally  re¬ 
garded  as  being  directly  related  to  streaa  relaxation  (1). 

Considerable  information  on  the  deterioration  of  rubber 
vulca aisates  by  ^jolear  radiation  has  already  been  obtained.  This 
information  has  been  ably  summarized  by  the  Radiation  Effects 
Information  Center  (2).  The  only  previous  data  concerning  the  effect 
of  radiation  on  compression  set  were  published  by  Bopp  and  Sieman  (3). 
They  compressed  specimens  of  various  types  of  rubbers  to  15%  of  their 
original  height  and  exposed  them  to  neutron  and  gamma  radiation  in 
a  water-cooled  channel  of  a  graphite  reactor.  They  found  that 
natural,  styrene-butadiene  and  acrylonitrile-butadiene  rubber  vul¬ 
canize  tea  exhibited  the  least  compression  set  after  irradiation. 

The  silicone,  Thiekcl  **r-d  butyl  rubber  viii«anl«ata5  reached  100%  set 
and  the  latter  was  depolyaerissd  to  a  tarry  fluid,  i  neoprene  vul¬ 
canize  te  attained  a  high  compression  set  even  though  not  irradiated. 
This  latter  behavior  was  not  discussed  by  Bopp  and  Siunan.  It  wa« 
perhaps  due  to  the  tendency  of  neoprene  to  crystallize  when  com¬ 
pressed  at  moderate  temperatures. 

The  investigation  described  here  differed  from  that  of 
Bopp  and  Sisman  in  the  following  regards:  more  types  of  rubbers 
were  tested:  the  rubbers  were  compounded  in  such  a  manner  that  the 
vulcanizates  met  definite  requirements  for  initial  softness  and 
resistance  to  compression  set  engendered  by  heat;  and  only  gamma 
rays  were  used  for  irradiating  the  compressed  specimens. 

With  regard  to  the  use  of  gamma  radiation  in  lieu  of  the 
more  complex  radiation  emitted  from  nuclear  reactors,  Bopp  and 
Sisman  (3)  and  Charles by  (4)  believe  that  similar  changes  are  pro¬ 
duced  in  polymers  by  different  types  of  nuclear  radiation  whan  the 
effects  of  the  radiations  are  compared  on  the  basis  of  oaual  energy 
■bsorption.  Gamma  radiation  is  usually  more  convenient  to  employ 
for  testing  purposes  then  other  nuclear  radiations  (alpha,  beta, 
slow  neutrons  or  fast  neutrons)  because  it  has  greater  penetration 
and  it  does  not  induce  radioactivity  in  the  samples.  Good  penetra¬ 
tion  is  desirable  in  order  that  many  rubber  specimens  in  a  metallic 
container  can  be  subjected  throughout  to  an  even  dosage. 

The  variables  studied  in  the  present  investigation  were: 
type  of  rubber,  type  of  curing  agent,  presence  and  type  of  anti¬ 
oxidant,  presence  and  type  of  high  resonant  energy  ingredient,  and 
dosage  of  gamma  radiation. 
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RUBBERS  AND  COMPOUNDING  INGREDIENTS  USED  IN  TESTS 


Twenty -three  rubbers  were  selected  for  prepare,  t!  or.  of  tzzt. 
specimens.  These  included  r epre sen  to ti  ?© a  o f  *13  types  of  commercial 
fibbers  except  butyl  and  Thiokol,  *hich  v»re  mot  included  in  this 
survey  In  view  of  the  findings  of  Ropp  end  Slssar..  Tabic  1  lists 
the  rubbers  tested  and  their  chemical  compositions  as  defined  by  the 
respective  manufacturers.  Although  a  silicone  rubber.  Silastic  7-170, 
had  poor  resistance  to  radiation  according  to  Bopp  and  Sisman, 
silicone  rubbers  which  differed  chemically  from  Silastic  7-170  were 
included  in  the  present  investigation. 

Sulfur  wan  used  fu*  curing  all  of  the  vulcanizates  of  the 
several  styrene -butadiene  rubbers  and  acrylonitrile-butadiene  rubber* 
which  ware  tasted  except  one  of  each,  which  was  cured  with  dicumyl 
peroxide.,  Other  rubbers  were  cured  with  the  wjhI  ingredi ents. 

Ioughborough  and  coworkers  at  the  B.  F.  Goodrich  Company (5) 
found  that  the  presence  of  certain  antioxidants  in  rubber  vulcani¬ 
ze  tes  increased  their  resistance  to  deterioration  of  tensile  proper¬ 
ties  by  gamma  radiation.  They  coined  the  term  " antirad "  for  these 
materials.  Many  antioxidants  were  tested  in  this  investigation  to 
find  antirads  for  protecting  vulcanizates  against  compression  net 
caused  by  gamma  radiation.  The  amount  of  antioxidant  compounded 
into  the  various  rubbers  was  generally  5  parts  per  100  parts  by 
weight  of  rubber.  Antioxidants  were  not  compounded  into  rubbers  to 
be  cured  by  dicumyl  peroxide  or  other  peroxides  since  thay  interfered 
with  the  peroxide  cure. 

The  presence  of  benseno  rings  in  polymers  is  known  to 
bring  about  improved  resistance  to  nuclear  radiation  (2,  3), 
possibly  due  to  their  high  resonance  energy  (6).  It  therefore 
seemed  worthwhile  to  find  out  whether  the  presence  in  the  vulcani¬ 
ze  tes  of  lov-J8ol«cul*r-"**  ght  ehmssicals  containing  benzene  rings  or 
condensed  aromatic  structures  would  be  beneficial.  The  antioxidants 
mentioned  above  were  materials  of  this  type,  but  they  also  contained 
amine  or  phenolic  groups  which  are  reactive  with  free  radicals.  It 
wee  desired  to  evaluate  other  aromatic  compounds  for  use  as  antirads. 
Accordingly,  u  number  of  plasticizers  containing  benzene  rings,  for 
example,  fcutyl  benzyl  phthalate,  were  compounded  into  different 
rubber  stocks  in  the  amount  of  10  parts  per  100  parts  of  rubber. 

In  addition,  other  chemicals  with  higher  melting  points  and  con¬ 
taining  bonzone  rings  or  condensed  aromatic  structures,  for  example, 
phenanthrene,  were  compounded  into  different  rubber  stocks  in  the 
amount  of  5  parts  per  100  parts  of  rubber,  in  most  cases. 
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TABLE  1. 

_ Ms _ 

Natural  rubber 
Synpol  1000 

Naugapol  1023 

Synpol  1500 

Haugapoi  IpGA 

Hycar  2001 

Hy  oar  1001 

ijycar  1002 

Hycar  1014 

fyoar  1041 

1042 

Ryoar  1043 

Hyccr  1071 

Hycar  1072 


RUBBERS  USED  FOR  PREPARING  TEST  SPECIMENS 
(Sheet  1  of  2  aheate) 

_ _ _ I*2:L_-= _ 


Ieoprene  polymer 

Styrene/butadiene  copolymer  (about  23$ 
atyrene) 

Styreue/butadiane  copolymer  (about  13$  combined 
styrvua) 

Styi^e/butadiene  copolymer  (about  23$  combined 
s tyres* )  low-tsa^rature  polymerised 

Styrana/butaniena  cepolysa?  (about  12$  ccaaDlned 

styrerta)  lov-teoporature  polymerized 

St/vane/butadlene  copolymer  (higher  combined  rtyrane 
than  Synpol  1500) 


Acrylonitrile/butadiene  copolyssr  (about  40$  com¬ 
bined  acrylonitrile) 


Acrylonitrile/butadiene  eopoly»sr  (about  33$  com¬ 
bined  acrylonitrile) 

Acrylonitrile/butadieoe  copolymer  (about  20$  com¬ 
bined  acrylonitrile) 

Acrylonitrile/butadiene  copolymer  (about  40$  com¬ 
bined  acrylonitrile)  low-temperature  polymerized 


Acrylonitrile/butadiene  copolymer  (about  33$  com¬ 
bined  acrylonitrile)  low-temperature  polymerized 

Acrylonitrile/butadiene  copolymer  (about  29$  com¬ 
bined  acrylonitrile)  lav -temperature  polymerised 

Acrylonitrile/butrwiissie  oopc'l”iiar  (Hycar  1041 
modified  to  contain  carboxyl  groups) 

Acrylonitrile/ butadiene  copolymer  (Hycar  104 2 
modified  to  contain  carboxyl  groupo) 


norri* 


TABLE  1. 

_ _  Kant 

Philprene  VP-25 

Neoprene  WST 
Vlton  A-HV 
G**tisane  S 
Adlprene  C 

Rycar  4021 

Silicone  W96 
Silicons  204S 

Silicone  LS-53 


ROBBERS  USED  FOR  PREPARING  TEST  SPECIMENS  . 

(Sheet  2  of  2  sheets) 

T ww 

2 -Methyl-5 -vinyl  pnrldine/butadiene  00 polymer  (about 
2556  pyridine  darlTH'iS/re) 

Chloroprene  polymer 

Vinylidane  fluorid  e/hexa. flno ropropy lane  copolymer 

Polyurethane  (iodina  no.  -  1> 

Polyurethane  (iodine  no .  =  26) 

Acrylic  acid  eeter/halogen-conjtftirdns-deorivative 
polysor 

Methyl  vinyl  iiloaane  polymer 

Coaqxnmded  as  thy  1  phenyl  ailoxane  polyaer  (higher 
than  noneal  phenyl  content) 

Compounded  flsorioe  -containing  i.Llox&ne  polymer 
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The  reoipee  for  all  of  the  vulcanizates,  except  thooe  of 
Philprene  VP-25,  Vitoa  A -IT/  and  the  siiiooae  rubbers,,  contained 
Kxtlblack  A  as  a  reinforcing  filler.  Philbiack  A  is  a  carbr^  clack 
olaeaifled  as  a  fast  extruding  furnace  black.  Tie  Philprsn*  VP -25 
vulcanlzate  contained  no  carbon  black  tonoe  adequate  properties  were 
otomjLnec.  wicaout  its  use.  The  Vi  ton  A-HV  vulcanlzate  contained 
Theraax,  which  is  classified  as  a  medium  thermal  clack*  The  Silicone 
W6  vulcanic*  ta  contained  RiSil  T303;  *  fine  rilioa.  The 

mineral  fillers  in  the  Silastic  S-204©  and  -Silastic  15-53  vulcani- 
sates  were  not  identified  by  the  manufacturer  of  these  stocks. 

In  the  case  of  each  stock  compounded  by  this  laboratory, 
the  content  of  reinforcing  iiiier  was  adjusted  to  yield  a  vulcanlzate 
having  a  15-second  Shore  A  hardness  of  70±5.  The  hardness  of 
Silastic  3-2048  was  60  and  that  of  Silastic  15-53  was  57.  AH  of 
the  vulcanize tes  including  the  two  Sila sties  had  compression  sets  of 
40%  or  less  after  70  hours  at  212°?  when  tested  by  ASTM  D395-55, 
Method  3.  Thus,  most  of  these  vulcanizatea  Lad  the  hardness  and 
resistance  tc  hot  compression  set  of  a  typical  0-ring  seal. 


MLinOD  u 1  xnSTING 


The  vulcanizates  were  exposed  to  gamaa  radiation  in  the 
form  of  compressed  cylindrical  specimens.  The  specimens  originally 
0.75  inch  in  diameter  and  0.50  inch  thick*  were  compressed  during 
expo cure  to  a  thickness  of  0*35  inch  (30%  compression) .  Three 
replicate  specimens  of  each  rules nizate  were  subjected  to  each  of 
the  conditions  to  be  described  later. 

The  specimens  were  held  in  special  containers)  during  expo¬ 
sure  to  gftffga  radiation.  One  of  these  devices  is  shown  in  Figure  1. 
It  consisted  of  a  stack  of  eight  square  plates  nade  from  613  alumlnuny 
held  together  by  five  aluminum  tie  rods  (aluminum  is  essentially 
transparent  to  gamma  radiation).  Rubber  specimens  were  clanped  be¬ 
tween  each  pair  of  plates  in  the  stack.  The  top  plate  was  plane  on 
both  faces.  The  other  plates  were  plane  on  their  bottom  face,  but 
were  milled  out  on  their  top  face  to  provide  a  flat  bearing  surface 
for  the  specimens  as  well  as  shoulders  for  limiting  the  compression 
of  the  specimens.  The  aluminum  surfaces  in  contact  with  the  speci¬ 
mens  had  a  roughness  not  greater  than  63  microinches. 

The  arrangement  of  the  specimens  on  each  plate  of  the 
containers  is  shown  in  Figure  2.  Each  container  held  42  specimen  a 
distributed  between  seven  levels.  The  locations  of  the  three 
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jvplioate  specimens  of  eaoh  vulcanizate,  which  were  being  subjected 
to  the  «e  teat  conditions,  were  randomized  between  two  containers 
and  the  seven  levels  of  each  container*  The  purpose  of  the  random 
arrangement  was  to  reduce  the  error  in  the  averaged  test  resulte  in 
the  event  that  intensity  of  gamma  radiation  was  non-uniform. 

The  loaded  container*!  wero  sent  to  the  Atomic  Energy 
Division  of  the  Phil  lips  Petroleum  Company  at  Idaho  Fall?  -  7,1*  ho. 
Containers  bolding  three  specimens  of  each  vulcanizate  which  was  sent 
for  irradiation  were  retained  at  the  laboratory  in  a  room  saintained 
* t  73.5±2°F.  These  specimens  served  as  air-exposed  controls- 

The  exposure  to  gamma  radiation  wa?  carried  out  in  the 
water  columns  shown  in  Figures  3  and  4,  The  canal  in  which  tie 
water  columns  stood  had  a  water  depth  of  15  \J2  feet  down  to  the 
fuel  element  grid  plate.  Tha  wfcttM*  no  limn*  ware  oio^sd  at  tha 
bottom,  but  had  a  demineralized  water  line  injecting  clean  water  into 
the  lower  part  of  the  columns  which  overflowed  at  the  top  and  thus 
purged  the  columns  continuously.  The  ’deter  temperature  wee  atv»u+- 
75°F.  The  containers  were  raised  to  the  upper  end  of  the  water  col- 
u=ns  when  it  was  desired  to  remove  them  from  the  field  of  radiation 
but  keep  them  in  the  water.  This  was  do ae  when  replicate  specimens 
were  being  exposed  to  different  dosages  of  gamma  radiation,  and  it 
wis  desired  to  leave  all  of  them  in  water  for  the  same  period. 

Containers  holding  three  speclrans  of  each  vulcaaiiiate 
were  immersed  in  the  water  but  kept  out  of  the  radiation  field. 

These  specimens  served  as  water-exposed  controls. 

When  the  containers  were  returned  from  Idalio  Fail.  3,  all 
specimens,  including  the  air-exposed  and  witer-expoaod  controls,  were 
released  at  the  same  time.  The  specimens  were  let  stand  for  24  hours 
73*5^2°?  and  then  measured  for  thickness. 

An  indentation  reading  was  obtained  on  each  specimen  in¬ 
cluding  the  controls  by  aaane  of  a  Mast  Indentometer,  Model  650-2. 
Since  most  of  the  specimens  vr.rc  ocasvfant  cupped,  they  were 
on  a  1/4-inch  diameter  flat,  prdcctnl  centered  under  the  indentor  ~ 
tfxile  taking  tha  reading.  The  critical  features  of  this  test  were 
0.125 -inch  diameter  hemispherical  ind enter,  1000-gram  weight  resting 
on  the  ind enter  for  exactly  one-minute  reading,  and  the  indentation 
expressed  in  hundredths  of  a  millimeter.  The  higher  the  readily  o,i 
the  Meet  Indentometer,  the  eofter  was  the  stock.  The  Mi  at  Indeoto- 
meter  measured  hardness  (inversely)  more  precisely  than  did  the 
Shore  durometer. 
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Sine*!*  arose  of  the  specimens  showed  poor  recovery  from 
compression  even  though  they  had  not  been  erpoaed  to  reals t ion,  all 
of  the  specimens  were  placed  In  an  oven  for  4  hours  at  212°F,  cooled 
on  a  wooden  surface  for  30  minutes,  then  again  measured,  for  height. 
This  treatment  was  for  the  purpose  of  overcoming  the  effect  of  high 
Internal  viscosity  and  thereby  hastening  any  recovery  in  height 
which  would  eventually  occur. 

The  comp; c scion  set  values,  before  slid  after  thu  oven  tren t— 
ment,  calculated  using  the  folio  wing  equation: 

Percent  compression  set  =  ~  j  ]_qo 


Whore  T0  =  specimen  thickness  before  compression 
T-  =  specimen  thickness  when  conxnressed 
Tr  ~  specimen  thickness  after  recovery 


RESULTS  OF  TESTS 


In  the  first  phase  of  this  investigation ,  compressed  speci¬ 
mens  were  oxpoaod  to  gamma -ray  dosages  of  10',  10s  and  10*?  roentgens. 
The  results  of  uheae  tests  showed  that  all  of  the  vulcanizates  had 
loss  than  95%  compression  set  after  exposure  to  10?  roentgens,  that 
voat  of  them  had  not  reached  95$  set  after  exposure  to  10°  roentgens, 
but  that  all  of  them  had  attained  95-100$  eet  after  exposure  to  10^ 
roentgens.  Figure  5  shows  the  difference  in  thickness  of  specimens 
of  the  came  vulcanizate  after  receiving  various  amounts  of  radiation. 
Since  10°  roentgens  was  the  highest  dosage  of  those  tried  at  which 
there  was  a  graded  behavior  of  the  vulcanizates,  most  of  the  testing 
was  done  with  this  dosage. 

The  veter-sxposed  and  air-exposed  controls,  with  two  excep¬ 
tions,  exhibited  negligible  compression  set  after  release  and  oven 
treatment.  This  was  the  case  even  too ugh  oona  of  the  specimens  had 
been  compressed  for  periods  as  long  as  29  days.  The  exceptions  were 
the  Silicone  W96  and  Silastic  S-2048  specimens.  The  water-exposed 
and  air-exposed  controls  of  these  rubbers  bad  about  30$  set. 

Tab?.o  2  shows  the  results  of  exposures  to  10®  roentgens. 

All  of  the  basic  vulcanizates  are  listed  in  this  table,  also  those 
which  contained  Neozone  D,  an  antioxidant  (candidate  antirad),  and 
those  which  contained  the  most  effective  antirad  or  combination  of 
antirads  found  to  date.  The  compression  eet  values  given  in  this 


Morris 


Figure  5  -  Appearance  of  specimens  of  same  vulcanizate  after 
different  dosage s  ( roentgens)  of  radiation.  They  had  been  com¬ 
pressed  30%  during  exposure. 
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TABUS  2.  COMPRESSION  SET  AND  SOFTNESS  OF  VUICANIZATIJS  AFTER 

EHPOSUI1’,  TO  10°  ROENTGENS 
(Sheet,  1  or  5  sheets) 
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TABLE  2*  COMPRESSIOR  SIT  AND  SOgTHBSS  (9  VUICAKIZAT3S  AFTER 

EXPOSDBS:  TO  103  RIEETCJEHS 
(Shaat  2  of  5  shoaio) 
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tabls  were  those  calculated  from  thickness  measurements  made  after 
the  oven  treatment, 

One  of  the  two  rubbers  which  were  found  to  have  the  beet 
inherent  resistance  to  gamma  radiation  was  Adiprene  C,  a  polyurethane. 
Ite  compression  set  was  low  (56%  with  Santicizer  160  plasticizer)  and 
its  indentation  was  high  (67)  after  a  dosage  of  10°  roentgens.  Some 
of  the  specimens  of  this  vulcanize te,  however,  were  found  to  be 
crushed  when  released  from  the  containers  after  being  compressed  for 
22  days.  The  crushing  occurred  whether  the  specimens  had  bees  ir¬ 
radiated  or  rvct.  Thi«  Sftka vicr  indicated  that  the  Adiprene  C  vulcani- 
zate  was  too  brittle  for  use  in  a  gasket  or  seal. 

The  rubber  which  equalled  Adiprene  C  in  resistance  to 
gemma  radiation  was  Synpol  1500,  a  styrene -butadiene  copolymer.  The 
stpecimans  of  this  rubber  were  not  crushed  by  compression.  The  Synpol 
1500  stock  cur'd  by  dioupyl  peroxide  had  better  resistance  to  radia¬ 
tion  than  the  tiulfur-cured  stock,  although  the  resistance  of  the 
latter  was  enhanced  by  compounding  with  an  antioxidant  and  a  plasti¬ 
cizer  which  contained  benzene  rings.  For  example,  Synpol  1500  cured 
with  sulfur  and  containing  The rao flex  A  antioxidant  and  dibenzyl 
phthalate  bed  the  lowest  compression  set  (49%)  after  a  dosage  of  10® 
roentgens  of  any  vulcanizate  tested  in  this  program.  It  also  bad  a 
high  indentation  (64).  Acridine,  a  high  resonant  energy  ^ccriil, 
also  proved  to  be  an  efficient  antimd  for  Synpol  1500.  It  was  as 
beneficial  as  the  bost  antioxidant,  Sar.toflex  GP. 

Properly  compounded  Synpol  1500  (or  its  equivalent)  is 
therefore  the  best  rubber  found  to  date  for  use  in  gaskets  and  seals 
where  resistance  to  ganraa  radiation  is  required*  This  rubber,  how¬ 
ever,  is  not  resistant  to  petroleum  oils  or  gasoline.  Where  gaskets 
and  seals  with  resistance  to  petroleum  oils  as  veil  as  to  gamma 
radiation  are  required,  Hycar  1072,  an  acrylonitrile-butadiene  copoly¬ 
mer  modified  to  contain  carboxyl  groups,  is  the  best  rubber  to  use. 

Its  compression  set  was  quite  low  (53^)  agd  its  indentation  was 
reasonably  high  (46)  after  a  dosage  of  10°  roentgens,  providing  that 
the  stock  contained  a  suitable  antioxidant  such  as  Wingutay  100.  If 
gaskets  or  seals  are  to  be  used  in  contact  with  aromatic  gat ao line, 
they  should  be  made  from  Hycar  1071.  This  rubber  is  similar  to 
Hycar  1072  except  that  it  contains  more  acrylonitrile.  It  is  slight¬ 
ly  Inferior  to  Hyoar  1072  in  resistance  to  radiation. 

The  vulcanizates  Included  in  this  investigation  which  pos¬ 
sessed  the  ultimate  in  heat  resistance  were  a  fluoro  rubber,  a 
fluorine  ted  silicone  rubber  and  tvo  silicone  rubbers,  Theso  four 
rubbers  had  less  than  95%  set  after  10^  roentgene,  but  had  reached 
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95  to  100$  Mt  after  10“  roontgen  j.  However,  the  fluorine  -containing 
f  »*»>?•?•,  Vi  ton  A-3V  and  Silastic  LS-53*  wore  decode  sod  by  tho  radia¬ 
tion  vdth  liberation  of  a  corroatva  ehamieal.  probably  hydrofluoric 
acid.  The  a  It  mi  nun  plates  which  pressed  against  specimens  of  theor 
vuloanifatas  during  irradiation  were  corroded  on  and  near  the  area 
of  contact.  The  condition  of  the  surface  of  a  plate  which  pressed 
against  a  Vi  ton  A-.KV  specimen  is  shown  in  Figure  6.  The  product  of 
corrosion  wan  an  aluminum  fluoride.  In  view  of  this  finding,  it  is 
concluded  that  rubbers  containing  fluorine  should  not  be  used  in  a 
radiation  field,  and  that  a  gasket  or  seal  required  to  operate  at 
temperatures  above  300°F  in  a  radiation  field  should  be  made  from  a 
silicone  rubber  not  containing  fluorine. 

The  findings  of  this  iif/estigs  tion  have  certain  theoretical 
implications.  The  permanent  compression  sat  of  fully  vulcanized 
rubber  is  beliaved  to  be  caused  by  one  or  t«o  chemical  reactions; 

(l)  breaking  of  primary  valence  bonds  in  stressed  polymer  chains, 
or  in  cross  links  between  the  chains,  with  consequent  flow  of  the 
reitiduee  to  positions  of  lower  etreee,  and  (2)  formation  of  nor  cross 
links  between  stressed  polymer  ohaina,  or  chain  residues,  which  tend 
to  hold  them  in  their  new  positions.  Both  of  thr«e  molecular 
phenomena  also  affect  the  mecnanical  stiffness  of  the  rubber;  the 
first  tends  to  soften  it  and  the  second  tends  to  harden  it.  The 
hardnesses  of  all  of  tha  vulcanizaies  lacluded  in  this  investigation, 
except  Gsnthane  S,  a  polyurethane,  were  consistently  increased  by  ex¬ 
posure  to  radiation.  Thus  it  appears  that  the  compression  sets  of 
these  rubbers  were  largely  due  to  the  formation  of  new  cross  links. 
Gen ‘chare  Z  wiy  experienced  considerable  breakage  of  primary 

valence  bonds  in  the  earlier  stages  of  irradiation. 


SUMMARY 


To  summarize  the  results  of  this  investigation,  it  has  been 
shown  that  none  of  the  rubbers  tested  would  yield  gaskets  or  seals 
capable  of  performing  satisfactorily  after  being  irradiated  with  10<3 
roentgens  of  gamma  rays.  For  lower  dosages  of  radiation,  best  results 
would  be  obtained  by  using  properly  compounded  styrene -butadiene  rub¬ 
ber,  or  acrylonitrile-butadiene  rubber  containing  carboxyl  groups  if 
oil  and  gasoline  resistance  is  required.  Silicone  rubber  is  the  best 
where  the  gasket  or  seal  must  also  resist  high  temperatures. 


Figure  6  -  Aluminum  plates  showing  corrosion  caused  by 
philprcne  VP-25  specimen  (top  circular  area  on  left  plate) 
and  viton  A-HV  specimen  (top  circular  area  on  right  plate) 
during  irradiation 
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NUCLEAR  RADIATION  EFFECTS  IN  MAGNETIC  CORE 
MATERIALS  AND  PfcPMnL’Zirr  MAGNETS 


D.  I.  Gordon,  R..  S.  Sery  ana  s'..  Lundsten 
U.  S.  Naval  Ordnance'  Laboratory 
White  o&k.  Sliver  Spring,  Maryland 


In  viev  of  the  increasing  severity  of  environmental 
requirements  for  materials  needed  in  electronic  equipment  for 
nuclear -powered  weapons  and  space  vehicles,  the  U.  S.  N^val 
Ordnance  Laboratory,  White  Oak  (Magnetic  Materials  Division)  has  been 
conducting  studies  of  the  effects  of  sons  of  these  environmental 
factors  on  magnetic  materials.  High  temperature  effects  and 
pressure  effects  in  magnetic  materials  were  reported  in  recent 
publication 3  (1,  2). 

Nuclear  radiation  effects  are  also  included  in  this 
environmental  effects  program.  The  Nsval  Ordnance  Laboratory 
results  on  soft  (i.e.  high  permeability  -  low  coercive  force) 
magnetic  materials  have  been  reported  (3-7).  Detailed  results  of 
radiation  effects  on  hard  (i.e.  "permanent"  or  high  coercive  force) 
magnetic  materials  will  he  presented  In  NAVORD  Report  6276  (8).  It 
is  the  purpose  of  this  paper  to  present  the  highlights  of  both  of 
these  irradiation  studies  and  to  summarize  the  status  of  research 
in  this  area. 

The  Advisory  Group  on  Electronic  Parts  (AGEP)  has 
published  an  environmental  requirements  guide  which  represents  the 
needs  of  the  three  military  departments  (9).  The  neutron  radiation 
conditions,  sunmarized  in  Table  I,  are  shown  in  three  groups, 

Groups  VII,  IX,  and  X,  the  flux  level  increasing  with  group  nvsnber. 
The  Naval  Ordnance  Laboratory  magnetic  materials  discussed  here 
were  irradiated  in  the  Brookhaven  Notional  Laboratory  (BNL)  Realtor- 
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at  an  epicadmium  flux  (r.v)  of  /vlO11  neutrons/cm^  Bee.  for  cue 
reactor  operating  period  (a>2  weeks).  The  corresponding  integrated 
epicadmium  flux  (nvt)  was /u  10^-7  neutrons/cm^.  Details  of  the  test 
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condition  with  the  AGEP  test  levels  shown  in  Table  I,  one  sees  that 
ths  "aval  Ordnance  Laboratory  test  level  exceeds  that  of  Environ¬ 
mental  Group  VII  (for  n  «;lear  covered  ;circrnft  and  ballistic 
missiles)  by  two  orders  of  magnitude  and  corresponds  very  closely 
to  the  Group  IX  level  (for  other  nuclear  powered  weapons).  The 
Group  X  level  (/v  10^9  nvt)  is  being  considered  for  future  tests. 


'icture 


Coercive  force  and  initial  permeability  are  among  the 
several  structure  sensitive  properties  of  magnetic  materials.  They 
may  change  in  value  by  Large  amounts  as  a  result  of  sasii  ch«oge6 
in  metallurgical  treatment  arid,  impurity  of  the  materiel  .  By 
contrast,  properties  which  are  not  normally  structure  sensitive  are 
density  and  saturation  magnet ixat ion.  Although  the  physics  of 
structure  sensitive  properties  is  not  well  understood,  coercive 
force  is  generally  thought  o?  as  a  measure  of  the  resistance  to 
domain  wall  motion  due  to  Imperfect loos  and  non -uniformity  in  the 
bulk  material*.  These  in  turn  are  attributed  to  irmesugeneoui 


internal  strains,  non -magnetic  inclusions,  crystallite  dimensions, 
etc.  Since  nuclear  irradiation  is  known  to  introduce  imperfections 


and  inhoaogeneities  in  the  lattice  through  the  production  of 
vacancies  <*nd  interstitials ,  or  other  rsechaniems,  one  might- 
anticipate  that  those  materials  with  the  lowest  coercive  force 
(1.3.  with  the  minimum  number  of  imperfections )  would  be  affected 
most  by  the  radiation  created  imperfections.  Similarly,  one 
might  expect  the  high  coercive  force  materials  (i?hich  already  have 
large  numbers  of  imperfections  and  non -uniform! ties)  to  be 
unaffected. 


In  the  case  of  materials  composed  of  very  small  grains  or  fine 
powders,  coercive  force  depends  upon  magnetocry:*  talliue 
anisotropy,  shape  anisotropy,  strain,  and  particle  size. 
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Since  ordering  is  related  both  to  aagneci c  hardness  and 
magnetic  softness  through  the  degree-  and  manner  of  producing 
imperfections,  and  since  neutron  irradiation  has  been  sbovn  to 


affect  ordering,  One  might  expect  those  magnetic  materials  whose 


properties  are  correlated  vith  degree  of  order  to  be  rediation 

sensitive. 


General  Results 


In  general  agreement  vith  the  physical  picture  sketched 
above,  magnetic  materials  vith  pre-irradiation  coercive  forces  less 
thanf\>0„5  oersted  shoved  appreciable  changes  in  properties,  while 
those  materials  vith  pre-irradiation  coercive  forces  gr  Sutcr  than 
a/ 0.5  oersted  shoved  no  appreciable  changes.  In  other  vords,  only 
the  softest  magnetic  materials  changed.  The  harder  core  materials 
and  the  permanent  magnet  materials  si^Dved  no  appreciable  changes. 
However,  the  soft  magnetic  material#;  that  did  change  are  of 
considerable  te.-bnoiogieal  importance  and  their  changes  were 


generally  drastic  degradations.  Table  III  shows  the  changes  in  d=c 
properties  of  the  soft  magnet * c  sat^rials,  vhile  their  changes  in 
60  cps  properties  are  shown  in  Table  IV.  For  the  permanent  magnets, 
the  results  are  shovn  in  Table  V,  Essentially,  all  cf  the  permanent 
magnet  changes  are  within  the  limits  of  experimental  error. 


Also  in  agreement  with  the  physical  picture,  the  results 
show  that  saturation  induction,  a  structure  iss-sssiti/re  property, 
did  not  change  for  any  of  the  materials  irradiated.  This  is 
illustrated  in  Figure  I,  which  shovs  magnetic  saturation  as  a 
function  of  integrated  neutron  flux.  The  small  initial  decrease 
vhich  appears  in  some  of  the  curves  is  explainable  in  terms  cf 
temperature  effects.  The  sensitivity  to  radiation  of  structure 


sensitive  properties  is  shovn  very  effectively  in  Figures  2,  3  and 
4 ,  which  are  Semi-log  plots  of  coercive  force,  initial  permeability, 


and  maximum  permeability  respectively,  as  functions  of  integrated 
neutron  flux.  (The  data  shovn  were  obtained  from  in-pile  measure - 
merits).  These  curves  show  (as  do  Tables  III  and  IV)  that  the 
highest  permeability,  lowast  coercive  force  materials  (Supcrmalloy, 
4-79  Mo-PenmallQ/,  Mumetal,  oriented  50  nickel-iron,  and  48  nickel- 
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TABLE  IV.  60  CPS  MAGNETIC  PROPERTIES 
(SOFT  MAGNETIC  MATERIALS)  PERCHJTAGE  CHANGE 
AS  RESULT  OF  IRRADIATION  WITH  ~  2  x  1018  H/CM2  (TOTAL) 


Material 

H* 

A 

Br 

SUPEHMALLOY 

1,000 

-40 

'*♦*>79  MO -PERMALLOY 

no 

-51 

MIMETAL 

r- 

\  ”) 

-16 

hS  NICKEL -IRON 

rP|T\ 

-*n 

«•» 

50  NICKEL-IRON  (ORIENTED) 

i  t 

-20 

3.5  SILICON-IRON 

n 

y 

? 

3  SILICON-IRON  (ORIENTED) 

0 

3-1  SILICON -ALUMINUM -IRON 

0 

0 

16  ALUMINUM-IRON  (ORDERED) 

8 

-c 

16  ALUMINUM  -IRON  (DISORDERED) 

Q 

0 

2  V  PS^ERDUR 

t; 

y 

-6 

Hq  -  60  Cps  coercive  force 
B^.  -  60  Cps  residual  induction 
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TABLE  V.  PERCENTAGE  CHANGE  IN  MAGNETIC  PROPERTIES 
OF  PISRM/IRIHT  MAGI  JETS  AS  \  RESULT 
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reuiduiil  induction  B<jmo  -  open  ms-gnetic  circuit  induction 

coercive  force  *  maximum  energy  product 
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Figure  1  -  Magnetic  "saturation”  (induction  at  a  field  strength 
of  30  oersteds)  as  a  function  of  integrated  neutron  llux 
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Figure  2  -  Coercive  force  as  a  function  of  integrated  neutron  flux 
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Figure  4  -  Maximum  permeability  as  a  function  of  integrated 

neutron  flux 
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iron,  were  degraded  the  moot*.  For  example,  permeabilities  cf 
Supermalloy  decreased  93$  with  a  corresponding  800$  increase  in 
coercive  force.  The  higher  coercive  foi4ce  materials  (ordered  16 
aluminum- iron,  silicca-ircn,  silicon-aluminum-iron,  and  Permendur) 
showed  little  or  no  change. 

Fast  neutron  Integrated  Flux  Keter 

Further  inspection  of  Figures  2,  3  and  4  shows  progressive 
changes  of  structure  sensitive  properties  with  Increasing  nvt.  In 
fact,  the  experimental  curves  of  initial  permeability  (plq)  vb.  nvt 
are  hyperbolic,  as  evidenced  by  the  linear  relationship  of  l/iv*  vs. 
nvt  shown  in  Figure  ?•  This  behairlor  Indicates  the  possibility  of 
dynamic  metering  of  integrated  fast  neutron  flux  by  in-pile  measure¬ 
ment  of  oae  of  the  radiation  sensitive  magnetic  properties.  Present 
experience  indicates  that  such  a  meter  would  be  insensitive  to 
gamma  and  thermal  neutron  radiation.  This  could  be  a  useful  tool 
for  ln-plle  metering  of  fast  neutrons  used  In  radiation  effects 
studies  of  engineering  materials. 

Effect  of  Reannealing  after  Irradiation 

M?  asurement  c?  cf  the  magnetic  properties  of  the  leminsted 
and  tape  wound  toroidal  cores  as  late  as  one  year  after  irradiation 
Indicate  that  the  radiation  damage  is  permanent.  However,  reheat 
treatment  of  irradiated  cores  can  restore  the  original  pr«*- 
irradlatlon  properties..  This  was  demonstrated  in  the  ease  of  a 
4-79  Mo-?ermalloy  (l/8  mil  tape  wound)  core  originally  heat  treated 
to  produce  a  good  switching  field  vs.  time  characteristic  for 
computer  memory  application.  As  shown  in  Figure  6,  neutron 
irradiation  destroyed  this  good  switching  characteristic.  However, 
by  giving  this  Irradiated  core  the  seme  heat  treatment  it  had 
received  before  irradiation,  the  original  switching  characteristic 
and  d-e  magnetic  properties  were  restored,  as  shown  in  Figure  6- 
This  experiment  indicates  that  transmutation  effects  (i.e.  changes 
in  chemical  composition)  were  either  not  present  or  were 


Disordered  16  aluminum-iron  (Alfenol)  is  a  notable  exception  to 
this  group.  Although  its  pre-irradiation  coercive  force  was  less 
than  0.5  oersted,  it  suffered  only  negligible  radiation  damage. 
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Figure  5-  Reciprocal  of  initial  permeability  as  a  function  of  integrated  neutron  flux 
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Figure  6  -  Effect  of  reheat  treatment  of  irradiated  4-79  Mo-Permalloy: 
switching  curves  for  1/8-Mil  tape  wound  bobbin  core 
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insignificant.  For  had  there  been  a  composition  change,  reanneaiing 
could  not  have  restored  the  original  magnetic  properties.  The 
experiment  indicates,  rather,  that  magnetic  hardness  (i,e.  higher 
coercive  force  and  lower  initial  permeability)  vas  increased  through 
the  production  of  additional  inhancgeneities  in  the  form  of 
vacancies  and  interstitials,  or  more  complex  de?e^r a .  and  that  this 
added  hardness  could  be  removed  by  proper  annealing. 

"Softest"  Core  Materials 


0 


Examples  of  the  drastic-  changes  which  occurred  in  the 
properties  of  the  magnetically  softest  materials  are  shown  in 
Figures  7  ,  12,  *rhich  illustrate  the  effects  of  irradiation  on 
induction  curves  &n&  hyeturesis  loops  of  Supermalloy,  U-T9  Mo- 
Persaalioy,  and  oriented  50  nickel-iron  (Orthonol).  In  addition  to 
severe  lowering  of  permeability,  increases  in  coercive  force,  and 
drops  in  remanence,  distortions  of  hysteresis  loop  shape  also 
resulted  from  the  neutron  Irradiation.  Figures  8,  10  and  11  show 
this  "kink,"  effect  clearly.  These  distortions  or  kinks  may  be 
associated  with  changes  in  degree  of  order  as  previously  suggested 
by  the  authors  (3-7)  and  by  Schindler,  S&lkovits,  et  al  (10).  The 
distortions  may  also  be  due  to  non -uni form  radiation  damage  in  the 
sample  caused  by  self  shielding,  i.e.,  by  the  possibility  that  the 
interior  of  the  sample  away  receive  significantly  less  radiation  than 


the  outer  portion.  This  would  in  effect  produce  a  cccipcsits 
with  consequent  distortions  in  loop  shape  (6,  7). 


Cv*  c 


"Harder"  Magnetic  Core  Materials 

Magnetic  core  (soft)  materials  with  higher  coercive  forces 
(>0.5  oersted),  which  showed  little  or  no  change  in  properties  arc 
illustrated  In  Figures  13  -  16.  Here  one  sees  examples  of  the 
insensitivity  to  irradiation  of  materials  in  this  category,  which 
includes  3*5$  silicon-iron,  oriented  3$  silicon-iron,  3-1$  silicon- 
aluminun-iron ,  ordered  16  alum! nun- iron,  and  2V  Permendur.  Because 
of  its  high  cobalt  content  (J;9$)?  the  Permendur  core  became  highly 
radioactive.  However,  its  magnetic  properties  were  not  affected. 

Powder  and  Ferrite  Cores 

As  ahovn  in  Table  VI,  nickel  ferrite,  2-8l  Mo-Permalloy 
dust,  and  Sendust  flake  exhibited  significant  increases  in  high 
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Figure  7  -  Supermalloy:  effect  of  irradiation  on  normal  induction  curv 
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Figure  10  -  4-79  Mo-Pe rmalloy:  effect  of  irradiation 

OX l  60  COR  loop 
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Figure  11-50  nickel-iron  (oriental):  effect  of  irradiation 

on  hysteresis  loop 
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Figure  12  -  50  nick el-ircm  oriented:  effect  of  irradiation  on  normal  induction  curve 
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frequency  losses.  However,  (within  experimental  error)  Carbonyl 
iron  dust  cores  showed  none.  The  high  frequency  loss  separation 
measurements  which  showed  overall  loss  increases  showed  no  changes 
in  permeability  or  in  hysteresis  for  any  of  the  materials.  This  was 
confirmed  by  d-c  and  power  frequency  measurements  which  also 
indicated  no  changes  in  permeability  or  hysteresis,  or  oth«r  low 

**■  ^,'1  vjywi  * 

The  nickel-ferrite  core  and  the  2-8l  Mo-Permalloy  were 
retested  10  months  after  irradiation.  In  contrast  to  the  laminated 
and  oii^«3  wuuud  cores,  the  results  h-sre  show  some  degree  of  recovery 
with  time  toward  the  original,  pre -irradiation  properties.  Recovery 
of  properties  of  ferrites  with  time  was  also  observed  by  Sakiotie 
et  al  (11)  in  microwave  measurements .  Salkovltz,  Schindler,  et  al 
are  conducting  an  extensive  study  of  radiation  effects  in  ferrites 
(12). 


Permanent  Magnets 

A  a  shown  in  Table  V,  permanent  magnets  exposed  to  the 
seme  nuclear  environment  as  ware  the  soft  materials,  showed  no 
appreciable  changes  beyond  tbs  limits  of  experimental  error. 
Demagnetization  curves  of  the  thirteen  representative  materials 
studied  are  shown  in  Figure  17.  This  group  coders  most  of  today’s 
technologically  import ant  permanent  magneto.  Coercive  rorces  range 
free  60  to  2,200  oersteds.  Tn  this  experiment,  complete  demagneti¬ 
zation  curves  were  measured  before  and  after  irradiation  on  one  set 
of  samples.  Open  magnetic  circuit  induction  values  (before  ana 
after  irradiation)  were  measured  on  a  second  set  of  samples.  In 
addition,  both  open  circuit  induction  values  arid  demagnetisation 
curves  were  obtained  on  unir radiated  control  samples  which  were  held 
in  a  furnace  for  twelve  days  at  the  reactor  hole  temperature  of  90* C. 


Pre-  and  post-irradiation  demagnetization  curves  of  the 
Alnicos  are  shown  in  Figure  1 8.  As  Table  V  indicates,  results  for 
the  other  permanent  magnets  were  similar.  In  s,  sere  limited 
experiment,  rasing  open  circuit  magnets  only,  Fennel,  et  al,  also 
obtained  a  negative  result  for  effects  of  irradiation  on  the 
magnetic  properties  of  similar  magnets,  such  as  "Alni"  (13$  Al, 

25$  Hi#  *»$  Cu,  0.06$  C)  and  of  6$  tungsten  steel  (13). 
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Figure  14  -  3- silicon-iron  (oriented):  effect  of  irradiation 

on  hysteresis  loop 
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Figure  15  -  3-1  silicon-aluminum-iron:  effect  of 
irradiation  on  hysteresis  loop 
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Figure  18  -  Alnico:  effect  of  irradiation 
demagnetisation  cur  ves 
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TABLE  VI.  EFFECTS  OF  IRRADIATION 
WITH  a*  2  x  iO18  N/CM£  (TOTAL) 

ON  POWDER  AND  FERRITE  CORES 


Material 

a 

e 

c  R 

ircr* 

Before 

'  111 

1+50 

- 

9,000 

NICKEL  FERRITE 

After 

14 

1+00 

13,000 

(50Kc,  lg)* 

Before 

is? 

1.5 

20 

10  500 

2-81  MO -PERMALLOY 

After 

"i  nrt 

-5 

im 

1  ,  S-* 

4v 

1 ,'•>  j  rw\ 

(25Kc,20g) 

CARBONYL  IRON 

Before 

O 

s 

- 

& 

3,500 

(PLASTIC  BINDER) 

After 

9 

2-5 

2, 500 

(500Kc.l.7g) 

CARBONYL  IRON 
(GLASS  BINDER) 


Before 

After 


9 

9 


2.5 


1. 5 


3,000 

3,500 


^ ?OOKC; ic4g) 


S5JUXIST  FLAKE 

Before  175  10 

5 

100 

>00 

(FLAKENOL) 

After  195  11 

30 

20 

1,100 

(25Kc,20g) 

2 '/r 

**  R  *  aB  +  ef  +  c 

,uQ 

^jxLf 

where 

R  *  core  loss  factor  (Lecir) 

>JLf 

a 

e 

c 

*  e: 


hysteresis  loss  coefficient 
eddy  current  loss  coefficient 
residual  loss  coefficient 
gauss  (or  gausses) 
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In-plle  Measurements  on  Core  Materials 

The  sort  (magnetic  core)  material  series  were  all 
toroidal  in  shsq?e,  Most  of  these  were  fabricated  of  punched  ring 
laminations,  some  were  tape  vound,  anci  ocher a  were  rings  of  pressed 
metallic  powder ,  flake,  or  ferrite.  The  toroids  were  counted  on 
core  holders  as  shown  in  Figure  19  with  each  core's  primary  and 
secondary  -set  windings  connected  internally  to  octal  receptacles 
built  into  the  ends  of  the  holders.  Using  this  arrangement,  it  was 
possible  to  make  in-pile  measurements  of  magnetic  properties  by 
plugging  appropriate  cables  into  the  dore  holder  receptabl.es  and 
connecting  the  other  ends  of  the  cables  to  the  remotely  located 
magnetic  measurement  instrumentation.  Most  of  the  data  shown  in 
the  curves  for  the  soft  magnetic  materials  were  obtained  by  this 
kind  of  in-pile  measurement. 


Permanent  Magnet  Test  Samples 


Unlike  the  soft  materials,  whose  low  coercive  force  permits 
their  evaluation  in  relatively  low  magnetic  fields  (usually  not  mere 
than  30  oersteds),  permanent  magnets  require  high  fielu  intensities 
(up  to  15,000  oersteds)  for  magnetization  and  proper  evaluation. 
Therefore,  the  toroidal  fora  is  generally  not  suitable  for  permanent 
magnet  test  samples.  Instead,  short  rods  or  bars  which  may  be 
placed,  between  the  pole  pieces  of  high-field  producing  electro¬ 
magnets  arc  used.  In  this  experiment,  cylinders  with  diameters 


ranging  from  approximately  0,1’ 
to  3  were  used.  For  the 


^  O 
Urn  e. 


to  O.S”  and  lengths  ranging  from 
lesed  circuit  ( i  -  c . .  demagnetization 


curve)  tests,  a  length  to  diene ter  ratio  of  approximately  one  was 
used.  For  the  open  magnetic  circuit  induction  tests,  the  length  to 
diameter  ratio  chosen  for  any  particular  sample  depended  upon  the 
demagnetization  curve  of  that  sample.  An  attempt  was  jua&e  to 
operate  in  the  neighborhood  of  the  maximum  energy  product  (i.e., 
optimum  operating  point)  wherever  possible. 


Because  of  the  high  field  requirement  in  testing 
permanent  magnets  and  because  of  pile-hole  space  limitations,  in¬ 
pile  measurements  were  not  made  on  the  permanent  magnets .  The  data 
presented  above  are  the  result  of  pre-irradiation  and  post¬ 
irradiation  measurements,  on  irradiated  samples  and  unirradiated 
controls,  both  in  open  magnetic  circuit  condition  and  in  closed 


283 


Gordon,  Sery  and  Land  st  on 


284 


Adoo  8|qB|iEAV  issg 


igure  IS  -  Torodial  magnetic  cores  and  radiation 
test  holder  (components  and  assembly) 
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magnetic  circuit  operation. 


For  the  irradiation,  t-b®  ssnplss  vere  plactid  in  four 
specially  designed  alumimaa  trays,  shewn  in  Figure  20.  The  tve 
smaller  trays  contain  the  demagnetization  curve  samples.  Here 
proximity  cf  adjacent  magnate  wa a  not  important.  since  these  were 


x-ein»gu«tii6eu.  in  po«t-i: 


»4*  4  * 


.v4 


ID  103 


however,  it  was  important  to  make  the  space  between  adjacent  magnets 
large  enough  to  prevent  mutual  magnetic  interaction.  Senee,  these 
were  placed  on  the  larger  trays.  After  tujserably,  the  four  trays 
were  placed  in  the  rectangular  aluminum  box  shown  in  Figures  20  and 
21.  This  box  is  a  standard  Brookhaven  pile  hole  container , 


*BNL  Reactor  Test  Conditions 


The  temperature  and  radiation  conditions  of  the  soft  and. 
hard  magnetic  materials  irradiations  ere  given  in  Table  II .  It  is 
the  epica&mium  neutron  flux  which  is  of  concern  In  military 
applications.  In  order  to  eliminate  temperature  at  a  variable  in 
these  experiments,  me  as  ur  sssents  on  unirrsdi&ted  controls  he  la  at 
reactor  temperatures  were  also  made. 


Radioactivity  and  Post-irradiation  Testing 

Because  of  induced  radioactivity  (primarily  in  the  cobalt, 
but  also  in  iron,  nickel  and  so&e  of  the  other  elements)  post- 
irradiation  testing  presented  acme  special  handling  problems.  In 
the  case  of  the  sort  materials,  the  pre-wired  core  nsaemnly  (which 
had  become  radioactive)  shown  in  Figure  19,  was  transferred  from  its 
shipping  container  to  a  specially  designed  lead  shielded  test 
container,  whose  covers  contained  cables  and  octal  plugs  which  mated 
with  the  receptacles  in  the  core  holder.  It  was  then  possible  to 
make  the  magnetic  measurements  without  the  use  of  a  hot  cell. 


For  the  permanent  magnets,,  however.  «mch  a  procedure  was 
not  possible.  Here,  each  magnet  tested,  whether  for  a  complete 
demagnetization  curve  or  for  an  open  circuit  induction  test,  had  to 
be  handled  individually.  This  necessitated  the  use  of  a  hot-cell 
facility  with  master-slave  hand  and  power  manipulators.  A  schematic 
floor  plan  of  the  arrangement  used  for  testing  radioactive  nermcnent 
magnets  is  shown  in  Figure  22,  The  U.  G.  Naval  Research 
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Laboratory  Reactor  Hot  Cell  Facility  was  used  for  these  tests. 

Summary 

A  comprehensive  survey  of  the  effects  of  reactor  irradia¬ 
tion  (101”  epithermal  neutrocp/em^)  on  technologically  Important 
magnetic  materials  (soft  and  hard)  has  been  made.  It  oak  found  that 
except  for  radioactivity,  all  permanent  magnetic  materials  and  those 
8 oft  materials  with  coercive  force  greater  than  0.5  oersted  (such  as 
silicon-irons,  aluminum-irons,  and  Permendur)  showed  no  appreciable 
changes  in  this  environment.  However,  the  softer  core  materials, 
i.e.,  with  coercive  force  less  rthan  0.5  oersted  (such  as  Supersaalloy. 
U-79  Mo-Permalloy  and  other  nickel-irons)  were  drastically  degraded, 
some  properties  changing  as  much  as  ten  times.  As  a  matter  of  fact, 
Teble  VII  adapted  from  Sisman  and  Wilson  (1*0,  shows  that  of  all  the 
physical  properties  of  metals  and  alio ye,  the  structure  sensitive 
magnetic  properties  of  the  nickel-iron  alloys  (containing  large 
amounts  of  nickel)  are  the  most  sensitive  to  fast  neutron  irradiation. 
(They  approach  the  sensitivity  of  silicon  diodes,  which  show  loss  of 
rectification  at  lO1^  nvt.)  This  renaitivity  may  find  application 
in  fact  neutron  dosimetry  problems. 

This  means  that  most  magnetic  materials  will  perform 
adequately  in  presently  required  nuclear  environments ,  although 
future  applications  'and  some  present  ones )  will  require  testing  at 
higher  radiation  level*.  For  the  nickel-irons,  however,  significant 
damage  occurs  at  3  x  lO1^  epithermal  nvt. 
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CORROSION  hi&HANISMii  IN  IBS  REACTION  OF  STEEL  WITH  WAT HI 
AND  OXYGENATED  SOLUTIONS  Al  ROOM  TEMFHUIURE  AND  3l6°C 


M.  C.  Bloom  and  Mery  Boehm  Strauss 
U*  S*  Navel  Research  Laboratory 
Washington  25*  C.  C. 


At  the  GSR  aympo&ii®.  held  in  Washington  tv?  years  ago  a 
summary  of  results  obtained  in  a  basic  study  of  corrosion  mechanlaus 
of  mild  steel  under  conditions  pertinent  to  boiler  operation  was 
given**).  inis  paper  is  a  report  of  further  progress  in  those  mecha¬ 
nism  studies.  Some  highlights  of  the  report  given  at  the  195?  Sym¬ 
posium  ai  e  illustrated  in  tbs  first  tvs  figures.  These  figures 
illustrate  (1)  the  protective  film  of  magnetite  (FejO^)  vhish  for fs 
on  mild  steel  subjected  to  treatment  with  water  at  3io°C  (£OOF)  in 
the  absence  of  oxygen  and  (2)  the  pits  surrounded  by  red  patches  of 
hematite  («t-Fe203)  which  develop  when  this  steel  is  exposed  to  oxy¬ 
genated  water  at  room  temperature  and  than  subjected  to  further  ex¬ 
posure  to  oxygenated  waisr  at  3io°C  (oCQ°P j  ,  a  uamperacure  approached 
in  modern  Naval  boiler  plant  operations. 


This  development  of  pit s  seems  to 
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development  of  the  corrosion  product  Y  -FeOQK  at  room  tesperature 
anr!  its  subsequent  conversion  to  OC  -F 92O3  ^P011  heating  to  3l6°C. 


V..  , 


Continued  studies  of  corrosion-mechanics  in  capsule  systems 
Lad  to  a  further  clarification  of  the  corrosion  reactions,  which 
is  the  subject  of  this  report.  The  method  of  fabrication  of  the 
capsules  employed  was  described  in  the  previous  report'  ^ •  A  typical 
capsule  is  shovin  in  Figure  3.  For  examination  of  the  reaction 
products  formed  in  oxygenated  systems,  mild  steel  cap3Ulos  of  this 
kind  filled  with  air- saturated  water  or  hydrogen  peroxide  solutions 
were  used.  In  the  presence  of  ferrous  or  ferric  ions  generated  by 
the  corrosion  process,  hydrogen  peroxide  decomposes  readily  to  form 
oxygen  and  water  and  these  solutions  thus  provide  a  simple  means  for 
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Figure  ia  -  Mild  steel  pipe  after  131  days’ 
treatment  at  316°C  with  high  purity  water 


Figure  lb  -  After  21  days  treatment  at  316°C  with 
high  purity  water  pressurized  with  oxygen  at  room 
temperature  prior  to  heating 


Figure  2  -  Cross  section  through 
one  of  red  islands  in  lower  half 
of  Fig.  i .  1150  X 


Fig 


ure  3  -  Capsule 


294 


<  3i 


blown 


introducing  oxygen  into  the  sealed  capsules*  The  specimens  were  ex¬ 
posed  at  room  temperature  (25°0)  and  3l6°t  for  selected  lengths  of 
time.  The  cupsiu.es  were  then  opened  and  the  pH  measured.  In  some 
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c$3d3«  oi  ii quid  were  eva.j>o.r5ite(J  to  dryness  unci  sx* * j <■  u. 

spectroscopically.  Any  suspended  solids  were  tested  with  a  magnet 
to  determine  the  possible  presence  of  ferromagnetic  corrosion 
products,  and  then  all  of  the  suspended  solids  were  collected  on 
filters,  dried,  and  analyzed  by  1-ray  diffraction,  aided  in  some 
cases  by  chemical  analysis.  After  removal  of  the  fluid  from  the 
capsules  the  vail*  were  examined  microscopically  to  determine  the  ex¬ 
tent  end  character  of  the  attack  and  were  subjected  to  1-ray  and  e- 
loctron  diffraction  analysis  to  determine  the  nature  of  the  corrosion 
product  films. 

The  data  obtained  from  the  examination  of  the  corrosion 
products  formed  at  room  temperature  in  capsules  initially  filled  with 
distilled  water  are  shown  in  Figure  4.  Attention  is  .directed  to  the 
following  facts t- 

T’ne  water  was  initially  air- saturated  and  the  small,  vari¬ 
ation  in  pH  at  the  outset  i3  probably  due  to  variations  in  the  carbon 
dioxide  content  of  the  laboratory  atmosphere.  It  may  be  noted  that 
after  six  hours  the  pH  has  risen  to  9*4*  This  is  approximately  the 
pH  of  a  saturated  solution  of  Fe(GK)2«  Subsequently  the  pH  rises  to 
9.9  where  it  is  found  one  ye  ar  later.  xIlls  xurthor  rise  in  pH  vaa 
shown  to  be  due  to  the  presence  of  manganese  in  the  steel  and  the 
formation  of  J\n{QH)2  which  in  saturated  solution  produces  this  high 
pH.  Next  it  may  be  noted  that  the  initial  product  of  reaction  is 
'Y~ FeOOli.  This  phase  shows  up  both  a3  island 3  on  other\dse  unattack¬ 
ed  metal  and  as  suspended  material  in  solution.  Finally,  it  may  be 
noted  that  within  2A  liours.  the  spinel  phase  (Fe304)  has  made  it3 
appearance.  The  fact  that  the  pH  of  the  solution  has  reached  the 
saturation  pH  of  Fe(0H)2  at  the  time  the  spinel  phase  appears  sug¬ 
gests  that  the  spinel  phase  is  formed  by  the  decomposition  of  Fe(0H)2 
which  la  known  to  take  place  under  analogous  conditions  (2,3,4). 


F.4 


Tigure  5  summarizes  data  at  several  oxygen  concentrations. 
It  may  be  observed  that  when  oxygen  is  absent,  the  pH  rises  rapidly 
to  9.3,  the  saturation  value  for  Fe(0H)2  and  a  little  less  rapidly 
to  9.9-10,  the  saturation  value  for  Mn(0H)2*  In  the  presence  of 
sufficient  oxygen,  however,  this  rise  in  pH  is  arrested  in  the 
region  of  8.5  undoubtedly  due  to  the  removal  of  Fe(0H)2  and  Mnv0H)2 
by  oxidation.  It  may  further  be  noted  that  in  the  absence  of  oxygen, 
the  spinel  phasu  (Fe30^)  is  the  solid  corrosion  product  but  that  in 
the  presence  of  oxygen  y-FeOOH  is  the  initial  corrosion  product  and 
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Summary  of  Corrosion  Products  Formed  by  the 
Action  of  Water*  and  H,0,  Solutions  in  Mild 
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-FsOOH  is  the  secondary  corrosion  product  when  sufficient  oxygen 
is  present  and  the  pH  rises  above  8. 

When  capsules  exposed  to  room  temperature  treatment  in  this 
way  were  subsequently  heated  to  31d°C  the  following  observations  were 
made : - 


The  pH  dropped  back  to  the  vicinity  of  7  within  24  hours, 
any  y  -FeOOH  or  •*.  -FeOOH  present  being  converted  to  of.  -10203  which 
was  subsequently  reduced  to  magnetite  when  the  oxygen  in  the  capsule 
had  bean  used  up. 

It  would  appear  that  the  presence  of  y  -FeOOH,  a  non-ad¬ 
herent  corrosion  product  which  appears  when  oxygen  is  present  at 
room  temperature,  is  to  be  avoided.  Not  only  has  its  genesis  been 
accompanied  by  Incipient  pit  formation,  but  also  the  <**  -Fe203  to 
which  it  is  converted  and  the  Fe-aO/  to  which  it  will  be  reduced  by 
subsequent  operations  at  elevated  temperature  will  be  a  loose  materi¬ 
al  which  may  be  transported  in  the  flowing  stream  and  deposited  at 
some  point  in  the  system  where  it  may  interfere  with  heat  transfer, 
or  act  as  a  mechanical  plug. 

A  further  deleterious  effect  of  -FeOOH  was  discovered  in 
the  course  of  sane  transformation  studies.  In  these  studies  a  com¬ 
mercial  supply  of  -FeOCH  was  introduced  into  capsules  in  a  slurry 
with  water  and  heated  to  3l6°C.  Some  of  the  capsules  burst  as  indi¬ 
cated  in  Figure  6  and  all  showed  stress  corrosion  cracking  of  the 
type  illustrated  in  Figure  7.  Investigation  showed  that  this  crack¬ 
ing  was  due  to  the  presence  of  a  small  quantity  of  chloride  ion  with 
the  7  -FeOOH  and  emphasized  the  deleterious  effects  which  the 
*Y  -FeOOH  can  produce  when  precipitated  in  the  presence  of  chloride. 
It  was  found  that  less  then  100  parts  per  million  (ppm)  of  chloride 
reacting  with  7  -FeOOH  can  cause  this  type  of  stress  corrosion  crack¬ 
ing,  which  is  apparently  a,*sodated  with  the  formation  of  FeCij. 

Experiments  in  these  static  systems  indicate  that  the  boiler 
water  treatment  chemicals  may  have  more  effect  upon  the  abidance  of 
the  formation  of  -FeOOH  and  pits  during  shut-down  periods  when  air 
may  be  present  than  upon  the  general  corrosion  rate  at  boiler  oper¬ 
ating  temperatures. 


Figure  8  shows  the  appearance  of  capsule  walls  opened  up 
after  24  hours  of  contact  at  room  temperature  with  a  solution  within 
the  specifications  for  Naval  boilers  operating  at  1200  psi  and  950°F 
superheat.  The  air  was  initially  air-saturated.  It  may  be  noted 
thaTw  the  addition  of  NsDH  localized  the  pitting  somewhat,  that  the 
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Figure  8-  Appearance  of  mild  steel 
treated  at  room  temperature  for  one  day 
with  Navy  boiler  water  treatment  additives 
as  follows:  A  -  pure  water,  B  -  NaOH 
solution  (pH  lO.d),  C  -  NaOH  solution 
with  25  ppm  phosphate  as  NajHPOa  (pH 
10.6}»  —  -  NaOH  solution  with  25  ppm 
chloride  as  NaCl  (pH  10,5) 
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phosphate  addition  nearly  eliminated  it,  tut  that  if  350  ppm  of 
chloride  was  allotted  to  enter  even  in  the  presence  of  both  caustic 
and  phosphate,  the  attack  became  much  worse •  Additional  experiments 
have  only  served  to  confirm  this  indication.  That  the  attack  can  be 
eliminated  even  in  the  presence  of  air  when  sufficient  phosphate  is 
present  has  been  dearly  demonstrated,  but  the  quantity  of  phosphate 
necessary  may  be  very  large  if  much  chloride  is  present.  A  ratio  of 
phosphate  to  chloride  greater  than  10  to  1  may  be  require*!. 

To  summarize  the  moat  is^yortant  practical  conclusions*  It 
appears  that  boiler  water  additions  within  present  specifications 
may  have  more  effect  upon  the  reactions  taking  place  in  the  presence 
of  air  at  room  temperature  than  upon  the  rate  of  corrosion  at  boiler 
operating  temperatures.  - 

The  presence  of  substantial  amounts  of  chloride  in  boiler 
water  systems  may  be  vary  deleterious,  and  present  boiler  water 
treatment  specifications  are  not  adequate  to  control  Its  possible 
ravages  under  shut-down  conditions  with  access  of  air. 


(1)  A  Decade  of  Basic  and  Applied  Science  in  the  Navy,  QNR 
Symposium,  March  19  and  20,  1957,  pp.  572-579. 

(2)  Corey,  H.  C.,  and  Finnegan,  T,  J.,  Am.  Soc.  Testing  Materials 
Proc.  39:1242  (1939 )» 

(3)  Evans,  U.  R.f  and  VfanKLyn,  J.  N.,  Nature  162:27  (I948). 

(4)  Shipko,  F.  J.,  and  Douglas*  D.  L.,  "Thermal  Stability  of 
Ferrous  Hydroxide  Precipitates",  Knolls  Atomic  power  Lab, 
KAPL-1377,  November  1,  1955* 
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RECENT  CONTRIBUTIONS  OF  CHEMISTRY 
IN  THE 

PREVENTION  AND  CONTROL  OF  CORROSION  IN  THE  NAVY 


W.  L.  Miller 
Material  Laboratory 
New  York  Naval  Shipyard 
Brooklyn  1,  New  York 


Corrosion  control  in  the  Navy  is  at  times  accomplished  by 
mechanical  means  such  as  Improved  design  or  substitution  of  materials, 
but  in  general  it  is  necessary  to  use  chemical  methods  or  products  to 
stop  the  widespread  corrosive  destruction.  A  comprehensive  coverage 
of  this  subject  would  require  an  excessively  long  presentation.  Con- 
,  sequently,  this  paper  is  limited  to  high  spots  of  comparatively  re¬ 
cent  Naval  usages,  particularly  where  the  New  York  Naval  Material 
Laboratory  has  participated. 

In  any  review  of  chemical  control  of  corrosion,  the  develop¬ 
ment  of  new  coatings  must  take  a  prominent  place.  Recent  developments 
in  epoxy  resin  coatings  are  being  used  for  cargo  ballast  tanks  of 

f  «■  V>  r\«  e  af  4  Cnal  Aewlre  A  4*  aw  ywf>m  «►  Vyy\w 
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polyamide  types  in  particular  are  showing  promise  in  applications 
under  difficult  conditions.  The  Laboratory  is  currently  exploring 
such  coatings  with  painting  being  dons  on  vater-vret  surfaces.  The 
Laboratory  has  also  investigated  the  use  of  conversion  coatings  in 
which  the  basis  metal  is  oxidized,  either  chemically  or  electro- 
chemically,  to  produce  an  adherent  film.  Aluminum  radar  waveguides 
have  demonstrated  the  value  of  such  coatings  following  extensive  ex¬ 
posure  at  Kure  Beach,  North  Carolina.  Consequently  a  new  specifica¬ 
tion  will  be  drawn  to  require  suitable  conversion  coatings  on  the 
waveguides. 


The  value  of  corrosion  inhibitor's  has  been  recognized  by  the 
Navy,  especially  in  aircraft  fuels.  Some  formerly  used  inhibitors 
have  shown  undesirable  side  effects,  such  as  emulsification  tenden¬ 
cies.  The  Material  Laboratory  has  conducted  a  study  of  the  extant  of 
emulsification  of  jet  fuel  by  corrosion  inhibitors.  Fortunately, 
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inhibitor a  that  do  not  cause  serious  emulsification  are  available  and 
are  specified*  Another  study  by  the  Laboratory  was  made  of  the  use  of 
chloride  as  an  inhibiting  additive  to  hot  sulfuric  acid  pickling 
baths*  As  a  result  of  this  atudy,  1*5  percent  of  sodium  chloride  is 
now  specified  as  an  additive  to  sulfuric  acid  baths  for  pickling 
Special  Treatment  Steel*  This  is  in  addition  to  the  commonly  used 
organic  pickling  inhibitors*  Various  other  developments  in  inhibitors 
have  been  made  throughout  the  Navy*  High  pressure  boilers  are  now  in¬ 
hibited  by  careful  control  of  pH  and  phosphate  ion.  Nitrite  inhib¬ 
itors  are  used  in  vet  sand  blasting*  New  inhibitors  have  been  de¬ 
veloped  for  lubricating  and  preservative  oils  and  greases*  Vapor 
phase  inhibitors  are  being  used  is  packaging  and  octadecyl  amine  i a 
being  used  as  a  volatile  film- forcing  inhibitor  for  steam  lines,  in¬ 
cluding  those  throughout  the  New  York  Naval  Shipyard* 

Among  other  chemical  controls  for  corrosion,  the  use  of  ion 
exchange  resins  is  important  for  obtaining  high  purity  water  necessary 
for  battery  make-up  and  cooling  water  in  submarines  and  for  pres¬ 
surised  water  nuclear  powered  systems.  The  Navy  has  consequently 
maintained  a  study  of  composition  and  uses  of  neuLy  developed  resins 
for  water  purification* 

Among  developments  by  Material  Laboratory  chemists  is  an 
acid  ds scaling  process  suitable  for  removing  heavy  rust  scale  frcs 
large  tanks*  This  originated  as  an  independent  idea  of  the  Inventors 
and  a  patent  application  has  been  filed  by  the  Navy  in  their  names. 
While  not  an  anticorrosive  measure  in  itself  it  is  an  economical 
process  for  use  in  connection  with  pretreatments  for  painting  or  other 
corrosion  control  methods*  So  far  the  method  has  been  used  on  tanker 
ships  with  two  Navy  MSTS  oilers  and  at  least  six  commercial  ships 
using  it  during  1958*  Using  one-half  percent  by  volume  of  sulfuric 
acid  the  method  is  capable  of  descaling  the  cargo  tanks  of  tanker 
ships  at  a  cost  of  less  than  two  cents  per  square  foot-  of  descaled 
surface  for  acid  vl th  an  approximately  equal  cost  for  labor*  Ths  de¬ 
scaled  surfaces  may  then  be  given  a  brush  sandblasting  with  a  savings 
of  about  30  cents  per  square  foot  over  heavy  descaling  and  blasting 
as  prepaint  treatment*  Note:  Two  slides  are  shown  to  illustrate  a 
heavily  rusted  tank  bulkhead  of  the  USS  MARIAS  before  and  after  de¬ 
scaling* 


Metallic  corrosion  in  aqueous  environment  is  an  electro¬ 
chemical  process  and  one  of  the  most  effective  means  of  stopping  it 
is  by  applying  electrochemical  counter  measures,  in  other  words, 
cathodic  protection*  Cathodic  protection  is  now  widely  used  by  the 
Navy  in  large  and  small  applications  using  either  inqjreesed  current 
systems,  sacrificial  anodes,  or  mixed  system®*  An  impressed  current 
system  is  used  in  the  protection  of  underground  cables  and  piping 
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j  Figure  1  -  No.  1  starboard  tank,  section  of 

j  forward  bulkhead-before  descaling 


Figure  2  -  No.  1  starboard  tank,  section  of 
forward  bulkhead -after  descaling 
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throughout  the  New  York  Naval  Shipyard*  This  system  uses  tvmnty 
rectifiers,  with  each  one  having  a  vertical  ground  bed  100  feet  deep 
containing  a  string  of  graphite  anode  ?r  During  operation  for  the  past 
two  years,  only  one  blowout  of  underground  power  cables  has  occurred* 
Prior  to  this  period,  the  average  time  between  cable  bloi>#utc  was  ap¬ 
proximate  2y  twenty-four  days. 

The  Material  Laboratory  started  its  cathodic  protection 
studies  with  the  development  of  Specification  MIL-A-18279  covering  im¬ 
pregnated  graphite  rod  anodes  for  protection  of  Reserve  Fleet  ships* 
Anodes  used  previously  in  ground  beds  by  the  Maritime  Administration 
were  modified  by  incorporating  sore  flexible  cables,  chlorine  and 
oxygen  resistant  collars  and  an  improved  cable  anchor  within  the 
anode*  With  normal  use  at  sea  water  sites  these  anodes  have  an  esti¬ 
mated  life  of  at  least  five  years*  With  a  moderate  expenditure  for 
current,  22  anodes  suspended  over  the  sides  of  an  aircraft  carrier  for 
example,  can  prevent  corrosion  of  the  underwater  hull#  Fouling  by 
marine  organisms  is  not  prevented*  and  maintenance  painting  is  still 
required,  but  time  intervals  between  drydockings  have  already  been 
doubled  with  very  large  savings  to  the  Navy*, 

In  the  ONR  1957  Symposium  the  writer  gave  detailed  informa¬ 
tion  on  the  relative  performance  of  graphite  versus  sllicon-ii-on 
anodes  at  various  current  densities  and  in  waters  of  various  resis¬ 
tivities*  Subsequent  to  this,  additional  laboratory  tests  supple¬ 
mented  by  service  tests  have  since  resolved  the  selection  of  anodes 
into  the  following  for  reserve  ship  hulls: 

a*  Either  graphite  or  silicon-iron  in  low-resistivity 
(sea)  water  at  current  densities  up  to  10  asf, 

b*  Graphite  for  sea  water  use  at  current  densities  above 
10  asf, 

c*  Silicon-iron  for  all  current  densities  in  high- 
resistivity  (fresh  or  somewhat  brackish)  water* 

In  March  of  1956  an  experimental  system  was  installed  on 
the  US8  IEXINGTON  in  an  attempt  to  prevent  cavitation  erosion  of  the 
propellers  by  electrolytic  generation  of  lydrogen  gas  on  the  propel¬ 
ler  blades*  The  system  was  designed  jointly  by  the  Bureau  of  Ships, 
the  New  York  Naval  Siipyard,  and  a  contractor,  and  was  installed  by 
the  Puget  Sound  Naval  Shipyard.  The  Material  laboratory  coordinated 
the  work  and  analyzed  operational  reports  of  the  system  as  recorded 
and  forwarded  by  ship  personnel*  .After  two  months  of  operation  there 
was  a  noticeable  increase  in  electrical  resistance*  By  August  the 
resistance  showed  a  large  increase  to  the  point  where  protection  was 
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probably  impaired.  This  increase  in  resistance  could  have  resulted 
from  failed  anodes,  line  fuses  or  certain  other  causes.  Unfortunately, 
the  ship  wae  operating  in  a  remote  area  and  Tab  or  a  troy  inspection 
infeasible.  The  system  was  secured  and  eleven  of  s  mHOcIvS  vSvS 

removed  from  the  ship's  hull.  These  have  susequenily  bean  inspected 
at  the  Material  Laboratory  and  five  of  these  were  found  to  be  incap¬ 
able  of  operation*  Inspection  of  the  ship's  stern  area  by  the  repair 
facility  snowed  loss  of  some  coatings  on  struts  and  rudders  but  with 
no  pitting  or  corrosion  evident.  Some  light  roughening  of  propeller 
blades  was  reported.  Pending  further  work  on  electrolytic  prevention 
of  cavitation  erosion  the  results  appear  inconclusive. 

f 

In  connection  with  cathodic  protection  the  Laboratory  has 
noted  unusual  dielectric  shielding  properties  in  a  coal  tar  modified 
epoxy  resin  coating  which  can  be  applied  by  brush  or  spray.  A  steel 
panel  coated  with  this  material  was  made  the  cathode  in  a  synthetic 
sea  water  electrolyte.  At  115  volts  D.C.  a  small  hole  w?s  formed  in 
the  coating  and  arcing  began.  The  potential  was  regulated  to  35  volts 
and  electrolysis  was  continued  for  several  weeks.  As  the  hole  in  the 
coating  enlarged,  the  current  automatically  increased  and  the  poten¬ 
tial  dropped  slowly  to  about  22  volts.  It  then  remained  constant  for 
more  than  one  month  with  no  further  change,  nor  was  there  any  further 
increase  in  the  size  of  the  opening-  This  can  now  be  recognised  as 
an  effective  means  of  determining  the  limiting  potential  in  testing 
electrolytically  resistant  coatings  and  the  Laboratory  anticipates 
use  cf  this  method  in  determining  the  effectiveness  of  such  coatings. 
It  is  assumed  that  the  limiting  potential  for  ary  one  coating  is  a 
balance  point  between  adhesion  and' the  pressure  of  hydrogen  produced 
under  the  edge  of  the  coating.  A  coating  must  have  exceptional  ad¬ 
hesion  to  withstand  22  volts  continuously  in  an  electrolytic  circuit. 
It  may  be  added  at  this  time  that  as  a  result  of  this  test,  future 
use  Is  anticipated  for  modified  epoxy  resin  coatings  on  ship  hulls  as 
dielectric  shielding  for  Impressed  current  cathodic  protection  systems. 
This  will  include  use  on  the  newer  submarines. 

As  part  of  its  cathodic  protection  program,  the  Material 
Laboratory  explores  various  metals  and  combinations  of  metals  for 
anodes.  As  a  result  of  one  Laboratory  study,  experimental  applica¬ 
tions  are  now  being  made  of  platinun-clad  tantalum  anodes.  Platinum- 
clad  titanium  may  also  be  used,  but  is  limited  to  a  10-volt  potential. 
The  tantalum  base  anodes  may  be  subjected  to  much  higher  potentials 
without  deterioration  of  the  tantalum  in  the  event  of  damage  to  the 
thin  platinum  coating.  Such  anodes  should  be  ideal  for  mounting  on 
active  ship  hulls.  A  good  possibility  for  low-cost  impressed  current 
anodes  lies  in  antimony-eilver-lead  alloys.  laboratory  tests  indi¬ 
cate  very  good  performance  for  these  alloys  at  current  densities  up 
to  15  acf  except  in  1000-chm  :entlmeter  (brackish)  wU>r«  If  improved 
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alloy  composition  or  other  mean#  c an  solve  the  problem  of  the  high 
resistivity  deterioration  It  may  become  feasible  to  protect  a  ship 
vith  a  single  lead  cable  mounted  along  each  aids  of  the  underwater 
hull* 


Although  the  Laboratory  is  concerned  mostly  with  impressed- 
current  cathodic  protection  systems,  it  also  does  work  on  sacrificial 
syctsas.  During  the  past  year  •  novel  system  was  installed  on  an 
KSTS  oiler  ship  with  Laboratory  assistance*  This  system  consists  of 
magnesium  anodes,  all  mounted  in  tbs  bottoms  of  cargo-ballast  tanks 
and  haring  the  tank  bottom  and  bottom  structures  painted  with  & 
solvent-resistant  dielectric  coating*  The  coating  serves  a  triple 
purpose  as  an  electrolytic  reflector  to  direct  current  uniformly  to 
all  uncoated  tank  areas,  to  protect  the  tank  bottoms  from  corrosion 
caused  by  small  amounts  of  water  in  ©srpty  tanks,  and  to  insure 
against  sparking  hazards  in  the  a  vent  cf  an  anode  falling  while  the 
tank  has  explosive  vapors*  The  morel  features  of  this  system  are 
covered  in  a  patent  application* 

Numerous  references  could  be  made  to  new  chemical  techniques 
tar  identifying  types  of  corrosion  and  measuring  corrosion  rates,  but 
proper  description  of  this  work  would  need  a  sizeable  paper  in  itself  * 


DETERIORATION  OF  PLASTICIZED  POLYMERIC  MATT-RIALS; 
APPLICATION  OF  RADIOCHEMICAL  TKCKir  <UES 


J.  L.  Kolinsky  and  L.  H.  Handler 
Material  laboratory 
I  Jew  York  Naval  Shipyard 
Brooklyn  1,  New  York 


The  present  study  or  the  degradation  of  plasticized  fx>ly- 
meric  materials  has  been  subdivided  into  two  categories:  (a)  de¬ 
gradation  of  polymeric  insulation  and  sheathing  components  of  communi¬ 
cation  cable,  caused  by  migration  of  plasticizers,  and  (b)  degradation 
of  rubber  materials,  designed  for  low  temperature  service,  caused  by 
solvent  leaching  of  the  plasticizers.  In  both  cases,  plasticizer  dis¬ 
location  occurs  by  diffusion,  in  ether  words,  the  mechanism  of  de¬ 
gradation  in  each  is  similar.  The  extent  of  degradation  is  a  function 
of  the  amount  of  plasticizer  diffusion  and  such  effect  would  be  re¬ 
flected  in  the  change  of  chemical,  physical  and  electrical  properties* 

Plasticizers  play  an  essential  role  in  the  formulation  of 
several  of  the  synthetic  polymeric  insulation,  sheathing,  and  sealant 
components  of  electrical  communication  cable.  The  recent  emphasis  on 
reduced  diameter  cable  has  accentuated  the  service  problems  associated 
with  the  loss  of  properties  due  to  plasticizer  migration.  Excessive 
migration  of  plasticizer  from  vinyl  sheaths  may  cause  stiffening  cf 
the  plastic,  softening  and  deterioration  of  other  conponents  which 
absorb  the  plasticizer  with  consequent  deleterious  effects  on  the 
dielectric  strength  and  power  factor  of  conductor  insulation.  There¬ 
fore,  the  study  of  the  rate  extent,  and  prevention  of  plasticizer 
migration  is  of  considerable  interest  and  importance. 

A  diffusion  mechanism  also  plays  a  strong  role  in  the 
leaching  of  plasticizers  from  rubber  stocks  designed  for  low  tempera¬ 
ture  use.  The  problem  of  designing  elastomeric  materials  for  use 
under  low  temperature  service  conditions  has  confronted  the  rubber 
industry  and  the  Department  of  Defense  for  a  considerable  time.  Re¬ 
sistance  to  solvents  such  as  hydraulic  fluids,  fuels,  oil,  and  water. 
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with  continued  serviceability  under  extreme  shipboard  conditions,  is 
therefore  of  concern  to  the  Navy.  The  solvent  extraction  resistances 
of  some  specially  formulated  rubber  stocks  were  studied. 

Various  commonly  used  test  methods  for  studying  plasticizer 
migration  require  measurement  of  dimensional  changes  (such  as  volume 
swell  tests),  burial  of  specimen  in  activated  charcoal  or  silica^ 
gel, (1)  lacquer  crazing,  weight  loss  by  vacuum  (2)  or  rub-off. (3/ 

These  methods  are  time  consuming,  and  in  addition  the  test  conditions 
are  unreal,  often  requiring  extreme  extrapolation  of  test  data  to 
simulate  actual  service  conditions.  The  most  direct  and  valid  ap¬ 
proach  to  this  problem  is  to  prov  .-ft  !Tw«  sensitive,  and  quanti¬ 
tative  method  for  the  determination* of  plasticizer  ingress  or  egress 
under  conditions  simulating  as  closely  as  possible  those  actually 
encountered  in  shipboard  service.  Such  a  method  is  available  through 
the  use  of  radioisotope  tracers,  which  provide  extreme  sensitivity, 
reliability  and  precision. 

With  the  use  of  a  sliding  microtome  and  radioactively 
labeled  plasticizers,  rapid  and  reliable  determination  can  be  made 
regarding  the  rate  and  extent  of  neat  or  compounded  plasticizer  migra¬ 
tion  into  various  insulating  and  protective  materials  such  as  poly¬ 
vinyl  chloride,  silicone  rubbers,  and  polyethylene* 

Three  radioactively  labeled  plasticizers  were  used.  Two 
were  monomeric,  phosphorous-32  tagged  tricresyl  phosphate  (TCP)  and 
carbon-lh  tagged  di-octyl  (2-ethyl  hexyl)  phthalata  (E DP),  and  the 
third  was  a  polymeric  plasticizer  of  a  proprietary  nature.  These 
radioactive  plasticizers,  were  synthesized  at  the  Material  laboratory. 
Two  series  of  experiments  were  run,  one  where  a  thin  film  of  neat  or 
uncoapounded  radioactive  plasticizer  is  placed,  between  two  polymeric 
discs  of  identical  composition,  and  the  second,  where  a  plastic  com¬ 
pounded  with  the  radioactive  plasticizer  is  placed  between  two  un¬ 
plasticized  polymer  discs.  The  specimens  arc  maintained  in  intimate 
contact  as  a  sandwich.  The  time  and  temperature  used  are  controlled 
to  avoid  complete  penetration  of  the  polymer  by  the  plasticizer,  so 
that  the  boundary  conditions  are  in  accordance  with  the  lim  tafcions 
set  up  by  the  derivation  of  Pick’s  Second  Law.  The  center  part,  of 
each  disc  is  cored  out  with  a  leather  punch  to  eliminate  edge  effects, 
and  the  cored  center  is  serially  sectioned  on  the  microtome  at  UC 
microns  thickness.  The  companion  disc  for  each  set  is  kept  in  a 
chilled  condition  before  slicing  to  retard  additional  diffusion.  For 
calibration  purposes,  the  sectioned  portions  are  weighed  on  a  semi- 
edcro  balance. 

Figure  la  represents  a  plot  of  the  specific  activity  of  TCP 
diffusing  into  Dow  Corning  Silastic  Rubber  172  after  one -half  hour  at 
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room  temperature.  By  plotting  the  specific  activity  of  plasticizer  as 
a  function  of  penetration  far  both  top  and  bottom  discs,  a  typical 
bell  shaped  symmetrical  curve  is  obtained*  However,  if  the  log  of  the 
specific  activity  in  plotted  against  the  square  of  the  penetration 
(Figure  lb)  a  straight  line  is  obtained  for  each  disc,  the  closeness 
of  the  curves  obtained  depending  on  the  reproducibility  of  the  results 
obtained  for  duplicate  discs. 

The  self  diffusion  of  neat  TCP  into  TCP-*plasticizad  poly- 
vinyl  chloride  is  illustrated  in  Figure  2*  The  specific  activity  of 
TCP,  normalized  to  1000  c/m/mg,  at  2U%  $0* ,  and  75*C,  respectively, 
is  plotted  against  the  square  of  the  penetration*  The  equation  shown 
is  derived  from  Fickfs  Second  Lae  (U5  and  relates  the  concentration 
as  a  function  of  the  diffusion  coefficient,  time,  and  surface  area  of 
the  disc*  The  diffusion  coefficient  is  calculated  knowing  the  slope 
of  the  line  and  time  of  exposure,  and  is  expressed  in  terms  of  cm^/sec. 
As  expected,  the  higher  the  temperature,  the  greater  the  penetration. 
The  dependence  of  the  dlfrui>*vu  coef  *  iejusnu,  D,  on  ths  abuoluts  tem¬ 
perature  is  illustrated  in  Figure  3.  D  rises  exponentially  with 
temperature,  obeying  the  Arrhenius  Equation  shown* v£)  Therefore, 
knowing  the  energy  of  plasticization  and  the  activation  constant,  it 
should  be  possible  to  predict  the  diffusion  characteristics  of  plasti¬ 
cized  polymers  at  different  temperatures,  provided  there  is  no  phase 
transition* 

The  effect  of  plasticizer  concentration  of  the  plasticized 
vinyl  on  the  self  diffusion  coefficient  i6  illustrated  in  the  semi¬ 
log  plot  of  Figure  h,  where  it  is  seen  that  the  diffusion  coefficient 
increases  with  increasing  concentration.  This  indicates  that  the 
diffusion  coefficient  is  not  truly  concentration-independent  as  as¬ 
sumed  in  the  derivation  of  Fick*s  equation.  It  also  indicates  that 
at  lower  plasticizer  contents,  there  should  be  less  diffusion  or  ex¬ 
udation* 


A  comparison  of  D  values  for  different  polymer  systems, 
particularly  heterogenous  systems,  is  of  limited  value  and  might  not 
show  up  true  differences  in  migration  rate.  Therefore  another  term 
called  the  "K11  value  has  been  used  to  measure  more  realistically  the 
rate  and  extent  of  migration* (6)  The  MK"  value  is  expressed  as  a 
function  of  the  amount  of  plasticizer  migrated  per  unit  surface  area 
of  polymer  per  square  root  of  time* 

Figure  $  shows  results  of  experiments  performed  with  the 
proprietary  polymeric  plasticizer*  Due  to  the  expected  spread  in 
molecular  weights  in  the  synthesis  of  this  polymeric  material,  more 
than  one  component  is  present*  Therefore  the  diffusion  curves  ob¬ 
tained  differed  from  those  obtained  for  monomeric  plasticizers* 
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Shown  here  is  the  diffusion  of  polymeric  plasticiser  into  Silastic  131 
at  25*,  50*,  ?5”  and  125*C.  The  lo**sr  molecular  weight  component  dif¬ 
fused  rapidly,  giving  a  horizontal  straight  line,  which  indicates  that 
this  component  has  reached  an  equilibrium  concentration  in  the  rubber. 
The  high  molecular  weight  component  diffuses  much  more  slowly,  giving 
a  steep  vertical  line.  Temperature  had  very  little  effect  on  the  dif¬ 
fusion  of  polymeric  plasticizer,  and  the  amounts  diffused  were  in  all 
cases  very  much  lower  than  for  monomeric  plasticizers.  Exposure  times 
of  at  least  166  he urn  were  used,  as  opposed  tc  one-half  hour  for 
monomeric  plasticizers. 
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of  unconrpounded  monomeric  and  polymeric  plasticizers  into  dielectric 
cable  materials*  showing  the  differences  in  rn.^rui/j.vn  rs  063  ior  g. 
silicone  rubber  and  polyethylene  l>y  diffusion  coefficients  and  ?,K" 
values.  It  was  found  that  both  TCP  and  DOF’  migrated  to  the  same  ex¬ 
tent  In  the  silicone  rubber,  a  standard  dime t hylpo lys i loxane  stock 
cured  with  benzoyl  peroxide.  However  diffusion  of  polymeric  plasti¬ 
ciser  was  much  slower,  an  exposure  tine  of  168  hours  at  125*0  yield¬ 
ing  a  very  low  "K”  value.  Experiments  involving  polymeric  plasti¬ 
cizer  were  performed  at  temperatures  tanging  from  25°  C  to  125*C,  but 
the  effect  of  temperature  on  the  diffusion  characteristics  of  the 
plasticizer  was  almost  negligible.  The  temperature  shown  here  repre¬ 
sents  the  highest  encountered  in  actus,!  cable  testing,  and  under 
service  conditions.  Polyethylene  was  much  more  resistant  to  plasti¬ 
cizer  diffusion,  !»Kre  values  being  considerably  lower.  Polyethylene 
was  found  to  be  more  resistant  to  plasticizer  migration  over  extended 
periods  of  time  at  50*C  for  both  TCP  and  DO?.  The  value  for 
polymeric  plasticizer  diffusing  into  polyethylene  is  so  low  as  to  be 
almost  meaningless. 


Table  2  shows  the  effect  of  polyiner  composition  on  the  dif¬ 
fusion  of  DOP  in  insulation  and  sheathing  materials*  The  effect  of 
cure  can  be  seen  in  the  "K"  values  obtained  for  different  types  of 
silicone  rubbers.  Chemically  cured  Silastic  2010,  a  vinyl  modified 
polysiloxane  stock  cured  with  dichlorobenzoyl  peroxide,  had  a  higher 
"K"  value,  in  other  words,  was  less  resistant  to  migration  than  con¬ 
ventional  stocks  as  represented  by  Silastics  181  and  172,  which  are 
straight  dimethylpolysiloxane  stocks  cured  with  benzoyl  peroxide. 
Curing  of  Silast.ic  181  by  gamma  irradiation  inrproved  its  resistance 
to  migration  by  28$.  A  dose  of  1.3  x  10*7  rep  was  used,  A  fluorine 
modified  silicone  was  found  to  have  greater  migration  resistance  than 
all  the  other  silicones  tested,  but  was  less  resistant  than  both 
polyethylene  and  polyvinyl  chloride. 


Diffusion  of  Uhcompounded  Monomeric  and  Polymeric  Plasticizers  into  Polyaeric  Cable  Mater  ials 
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The  results  of  experiments  involving  compounded  DOP  diffus¬ 
ing  from  a  polyvinyl  chloride  organosol  into  a  silicone  rubber  are 
shown  in  Figure  6.  As  expected,  diffusion  vas  greater  at  50“  C  than 
at  25*C,  equilibrium  being  attained  after  7  days  of  exposure,  as  com¬ 
pared  to  5  days  at  25"C<,  A  comparison  of  the  diffusion  of  u>c ex¬ 
pounded  and  compounded  monomeric  and  polymeric  plasticizers  into 
chemically  cured  Silastic  181  is  shown  in  Table  3.  It  can  be  seen 
that  the  diffusion  of  uncompounded  DOP  is  much  more  rapid  over  a  very 
short  period  of  time  than  compounded  DuP  over  a  longer  exposure  time. 
Uncompounded  polymeric  plasticiser  diffused  very  slowly  compared  to 
DOP*  The  diffusion  of  "minor"  component  of  polymeric  plasticizer  was 
the  same  for  both  compounded  and  uncompounded  material  for  the  same 
temperature  and  exposure  time,  and  ^'rnajor"  component  diffusion  vas 
not  much  higher*  Compounded  polymeric  plasticizer  diffusing  into 
silicons  rubber  reached  on  equilibrium  concentration  of  "minor"  com¬ 
ponent  in  less  than  200  hours  which  did  not  increase  on  additional 
exposure  up  to  8U0  hours*  This  was  equivalent  to  0.12  percent  of 
total  plasticizer,  as  compared  to  *3*12  percent  diffusion  of  total 
plasticizer  fer  compounded  POP  at  50cC  after  13  hours*  The  dif¬ 
ferences  between  monomeric  and  polymeric  plasticizer  diffusion  are 
apparent,  and  demonstrate  the  superior  qualities  of  polymeric  plasti¬ 
cizer  in  this  respect. 

Table  3 


Comparison  of  the  Diffusion  of  heat  and  Compounded 
Plasticizers  into  Chemically  Cured  Silastic  181 


Time 

A°lasticizer  (Hrs.) 

Temp. 

Cc.) 

2 

D  (cm  /sec.) 

ugr; 

Diffused 

"K" 

P  T 

(ugm/cmr/hrC 

DOP  - 

Uncompounded  0*5 

28 

0.25  x  10"6 

253 

260 

DCF  - 

Compounded  2h 

25 

1.31  x  IG"1! 

2?  9 

h3 

Polymeric  Plasti¬ 
cizer  - 

Uncompounded  168 

50 

1.82  x  lO"11 

50 

2.9  (Major) 

Polymeric  Plasti¬ 
cizer  - 

Compounded  168 

50U 

QUO 

50 

50 

50 

(Major) 

17 

19.0 

18.6 

18.6 

1.0  (Minor) 
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Radioiaotope  techniques  have  thus  provided  a  rapid  and  re¬ 
liable  method  for  measuring  the  migrations 1  tendencies  of  plasticizers 
in  polymeric  cable  components*  These  techniques  make  possible  the 
prediction  of  plasticizer  behavior  at  different  temperatures  with  a 
minimum  of  assumptions,  and  under  test  conditions  more  realistic  than 
previously  used*  This  information  is  necessary  in  tho  study  of  com¬ 
patibility  of  materials  and  in-service  degradation  of  cable  compon¬ 
ents*  In  summary  of  this  first  phase  of  work,  it  has  been  demon¬ 
strated  that: 

The  migration  resistance  of  conventional  silicone  stocks 
is  of  the  same  order  of  magnitude  for  both  TCI"'  and  DOF* 

b„  Conventional  silicone  stocks  are  quite  vulnerable  to 
monomeric  plasticizer  migration,  although  polvmeth- 
ylailoxane  rubbers  are  less  vulnerable  to  plasticizer 
sorption  than  vinyl  modified  silicone  rubbers. 

c*  Cure  by  irradiation  instead  of  by  chemical  means  some¬ 
what  improves  the  migration  resistance  of  conventional 
dimethylpolysiloiane  silicone  rubber* 

d.  Fluorine  modified  silicone  rubber  is  more  resistant  to 
monomeric  plasticizer  diffusion  than  conventional  stocks* 

c*  Migration  resistance  of  polyethylene  at  50°C  or  less,  is 
better  tnan  plasticized  polyvinyl  chloride,  which  in 
turn  is  superior  to  silicone  rubt-er* 

1  -  b uanci t.'ifive  data  tmr,  been  presented  to  show  the  low 
migrations!  tendencies  of  polymeric  plasticizer  at  tem¬ 
peratures  higher  than  those  encountered  in  actual 
service. 

Ir.  the  second  phase  of  studies  concerning  diffusion  regxv- 
lated  processes,  tracer  techniques  wore  utilized  to  ctucy  the  effect 
of  different  plasticizers,  activated  carbon  black,  polymer,  and  type 
of  cure-that  is,  chemical  versus  nuclear  irradiation,  on  the  lcnchir- 
of  plasticized  rubber  stocks  by  water  and  various  solvents,  re  spec-  ** 
tively*  Rubbers  are  plasticized  so  that  under  low  temperate 
ditions  a  maximum  amount  of  flexibility  is  retained.  Monomeric 
plasticizers  such  as  tributyl  carbitol  formal  (TP-90B),  TCP,  tri- 
octyl  phosphate  (TOF),  and  di-octyl  adipate  (DDA),  are  commonly  used 
is  purpose,  leaching  of  plasticizer  tends  to  reduce  the  flexi¬ 
bility,  hence  the  serviceability.-  of  rubbers,  »r.d  plays  havoc  with" 
gasket?  and  other  parts  ua«u  in  critical  applications,  Py  the  use  of 
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radioisotope  tracer  techniques,  additional  information  regarding  the 
retention  characteristics  of  plasticizers  in  polymers  can  be  obtained* 

It  has  long  been  established  in  carbon-black  studies  that 
different  types  of  carbon-black  have  different  reinforcement  qualities 
in  rubber  stocks.  The  degree  of  reinforcement  of  a  rubber  stock  by-  a 
specific  carbon  black  is  dependent  or  c.he  agglomerate  structure  of  the 
pelletized  black  used,  the  sorptive  capacity  viiich  depends  on  the 
particle  diameter  and  surface  area  of  the  carbon  black,  and  the  mode 
and  number  of  carbon  black-rubber  attachments.  It  is  to  be  expected 
that  a  carbon  black  with  »  larger  surface  area  should  have  a  larger 
sorptive  capacity,  and  thus  have  higher  plasticizer  retention.  For 
this  reason  the  effect  of  an  activated  carbon  black -Kuchar,  was 
studied. 


The  production  of  cross-links  in  rubber  when  subjected  to 
hj gh  a r. pray  radiation  ha.?  been  previously  shown  by  nary  workers;'  *h,y) 
It  was  shown  that  croaolinking  predominates  upon  gamma  irradiation  if 
active  sites  are  present,  such  as  are  found  in  straight  chain  polymer 


'♦-’■uctures.  Thus,  natural  rubber,  and  synthetics  such  as  the  Hycars, 


would  be  cross-linked.  It  has  also  K»er.  previously  showy*  that  the 
cross  link  densitv  increases  with,  and  is  directly  proportional  to  the 
radiation  dose.w)  This  results  in  increased  solvent  retention  prop¬ 
erties,  and  would  be  expected  to  affect  the  plasticizer  retention 
properties  favorably. 


Tests  wore  set  up  in  the  laboratory  to  simulate  as  realisti¬ 
cally  as  possible  actual  conditions  of  solvent  extraction,  so  that  the 
rate,  extent,  and  mechanism  of  plasticizer  extraction  by  various 
solvents  could  be  determined.  Neoprene -GN,  I  2.  IT  ~ 0  M  •  and  QF.-S  stocks 
were  used  in  the  accelerated  extraction  tests.  It  was  found  that  the 
accelerated  depletion  of  plasticizers  by  water  extraction  proceeds  by 
mechanisms  which  involve  the  surface  resistance  of  the  rubber  and  the 
diffusion  coefficient  of  the  plasticizerj  the  net  result  being  depen¬ 
dent  on  the  sample  thickness. 


Three  plasticizers,  two  of  which  were  labeled  wiiih 
phosphorus -22,  TCP  and  tri-octyl  phosphate,  and  one  carbon-lU  labeled 
plasticizer,  di-octyl  adipate,  were  studied  in  low  temperature  formu¬ 
lations  of  Hycar-OR  rubber  stocks.  Figure  7  shows  comparative  ex¬ 
traction  rates  of  plasticizers  from  Hycar-OR  rubber,  1.6  mdJ.s  thick, 
by  water  at  60°C.  It  can  be  seen  that  both  TOF  and  DA  were  superior 
to  TCP,  DOA  showing  the  highest  extraction  resistance  of  the  three 
plasticizers  studied. 

The  effect  of  vulcanization  time  on  extr act ability  of  TCP 
from  Neoprene -ON  stocks  by  water  and  gasoline  was  also  st  i  idled  „ 
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Figure  7  ••  The  comparative  extraction  rates  of  plasti¬ 
cizers  from  plasticized  hyca.r  rubber,  1.6  mils  thick, by 
water  at  60°C 


It) 
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Longer  curing  tlmo  was  found  to  be  correlated  with  greater  resistance 
to  solvent  extraction.  It  was  also  found  that  a  straight  line  rela¬ 
tionship  is  obtained  on  plotting  percent  plasticiser  retained  versus 
the  square  root  of  time,  indicating  that  extraction  proceisds  via  a 
diffusion  process*  Similar  results  were  obtained  for  the  substitution 
of  Nuchar  activated  carbon  black  for  the  conventional  furnace  and 
thermal  blacks,  and  it  was  found  that  such  a  substitution  markedly  re¬ 
duces  the  rate  of  extraction  of  TCP  from  plasticised  elastomers  by 
water  at  60#C,  and  gasoline  ai  room  temperature*  Although  the  de¬ 
sired  physical  properties  of  the  vulcanizates  were  adversely  affected 
initially  by  the  use  of  activated  carbon,  the  greater  retention  of 
plasticizer  would  tend  to  enhance  the  physicals  in  low  temperature 
service*  Gasoline  extraction  was  used  in  those  experiments  as  an 
index  of  the  resistance  of  rubber  stocks  to  the  general  class  of 
petroleum  type  liquids* 


figure  8  shove  the  effect  of  gama.  irradiation  on  the  ;x- 
tract&bLlity  of  TCP  from  Hycar-OR  stocks  by  gasoline*  It  is  seen  that 
irradiation  of  Hycar  stocks  at  25  megarep  improves  their  resistance 
to  plastic  iz€>r  leaching  as  compared  to  a  Hycar  stock  cured  by  chemical 
means.  At  63  megarep.  this  solvent  resistance  is  further  improved  but 
with  sorae  reduction  in  physical  properties*  The  sane  order  of  ex- 
tractabilitiss  is  found  for  water  extraction.  The  effect  of  plasti¬ 
cizer  composition  on  extraotability  was  also  studied:  using  TP-90B,  a 
more  volatile  liquid  given  in  the  Bureau  of  Ships  Rubber  Formulary  as 
a  plasticizer  for  low  temperature  rubber  stocks.  It  was  found  that  a 
stock  formulated  with  15  parts  of  TP-90B  and  15  parts  of  TCP  had  a 
higher  extraction  rate  than  a  stock  formulated  with  30  parts  of  TCP 
alone*  This  la  shown  ae  s.  dotted  In  this  figure* 

A  summary  of  the  effects  of  polymer,  carbon  black,  and  gamma 
irradiation  on  extractability  of  TCP  by  water  is  given  in  Figure  9  as 
a  bargraph*  The  same  effects  were  found  in  gasoline  extraction. 
Neoprene  chemically  vulcanized  stocks  are  seen  to  offer  the  greatest 
resistance  to  extraction  compared  to  Hycar  and  GR-S*  The  use  of 
Nuchar  activated  carbon  in  place  of  conventional  furnace  and  thermal 
blacks,  greatly  improves  the  resistance  of  all  stocks  to  plasticizer 
extraction  by  gasoline,  resulting  in  a  four-fold  increase  in  plasti¬ 
cizer  retention.  Total  substitution  of  Nuchar  does,  however,  adver¬ 
sely  affect  initial  physical  properties*  High  energy  nuclear  ir¬ 
radiation  enhances  the  retention  of  plasticizer  in  Hycar  stock  sub¬ 
jected  to  leaching,  a  dose  of  25-60  megarep  being  required  to  effect 
a  cure  with  efficient  plasticizer  retention  properties.  The  results 
given  here  for  the  extraction  resistance  of  various  low  temperature 
rubber  stocks  may  be  utilized  as  a  guide  in  the  selection  ci  polymer, 
curing  time,  type  of  curing,  etc. 
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Figure  8 


IMMERSION  TIME 


N*o  N*o  N«o  Nto  N*o  Hycor  Hycor  Hycor  Hycor  Hyctir  Hycor  GR-S  GR-S 

FT-I  FT-2  FT-3  N-l  N-3  FT-I  FTA-I  N-l  IRR-A  IRR-B  IRR-C  FT-I  N-l 


Figure  9  -  Summary  of  effects  of  polymer,  carbon 
black  and  gamma  irradiation  on  extractabilily  of 
TCP  by  water  (60°C) 
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Radioisotope  techniques  have  provided  a  rapid  and  reliable 
method  for  measuring  the  ndgrationaj.  tendencies  u x  pldL3x.iwii.cio  JLii 
polymeric  cable  components  and  low  temperature  rubbers .  These 
techniques  make  possible  the  prediction  of  plasticizer  behavior  under 
different  conditions  with  a  minimum  of  assumptions,  and  under  test 
conditiona  mere  realistic  than  previously  used,  which  is  necessary  in 
the  study  of  compatibility  of  materials  and  in-service  degradation  of 
plasticised  materials. 

The  authors  wish  to  acknowledge  the  efforts  and  guidance  of 
Mrs  Vc  Saiita  and  the  late  Mr*  T.  Werkonthin  of  the  Bureau  of  Ships, 
and  Mr.  A*  Ro  Allison  of  the  Naval  Material  Laboratory,  in  fostering 
the  application  of  radioisotope  tracer  techniques  in  Naval  material 

problems  • 
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ENVIRONMENTAL  DETERIORATION  OF  RIGID  PLASTICS 


f  N.  Fried 
S*  2*  Tustaln 
Naval  Material  Laboratory 
Raw  York  Sara!  Shipyard 
Brvok iyn,  Raw  York 


Tha  rational  application  of  a  material  of  construction  in 
the  design  of  a  specific  and  it«a  depends  upon  a  knowledge  of  the 
conditions  shich  nay  b«  anvCuatsrdd  In  serving  jusd  the  characteris¬ 
tics  of  the  Material  under  such  conditions*  Thus,  interest  say  be 
centered  on  tha  behavior  of  a  reinforced  plastic  laminate  exposed  to 
a  temperature  of  1,00Q°C  for  10  aeconde  or,  at  the  other  extreme, 
information  may  be  required  on  the  character!  o  ti es  cf  &  beat  hull 
material  after  isisarsien  in  sea  water  fer  a  ja&ber  of  years*  Obvi¬ 
ously,  the  Variations  in  service  conditions  asy  be  practically  limits 
less* 


Tbs  most  fruitful  approach  to  such  problems  would  be  the 
development  of  detailed,  comprehensive  knowledge  of  the  physico¬ 
chemical  characteristics  of  materials,  sufficient  to  enable  the 
prediction  of  response  to  specific  conditions*  In  the  absence  of 
such  information,  the  investigator  must  resort  to  studies  of  the  be¬ 
havior  of  the  materials  in  actual  service  or  under  laboratory  condi¬ 
tions*  In  some  instances  "accelerated"  tests  may  be  applied  but 
results  of  such  evaluations  must  be  interpreted  judiciously,  with 
particular  attention  to  correlation  with  behavior  under  actual 
service  conditions*  The  technical  literature  abounds  with  reports 
of  such  simulated  service  investigations  and,  undoubtedly,  this  type 
of  work  will  continue  until  such  tins  as  more  fundamental  information 
Is  developed*  This  report  discusses  a  nvnber  cf  programs  ot  this 
nature,  which  have  been,  or  are  being,  conducted  at  the  Naval 
Material  Laboratory,  to  determine  the  effects  on  plastic  materials 
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of  spedfle  6RTirosn*&ttl  conditions  of  interest  in  Naval  applica¬ 
tions,  including  extended  exposure  to  elevated  temperature  and  high 
huaidity  wbients,  iianersion  in  aea  water  and  other  media,  and  out¬ 
door  weather  aging* 


EFFECTS  OF  EIEVATED  TEMPFPJOTRE 

Elerated  temperature  atudiee  hare  been  Halted  to  tempera¬ 
ture  levels  at  which  plastic  insulating  materials  right  conceivably 
be  required  to  operate*  Investigations  have  been  conducted  on  both 
laminated  and  molded  thermosetting  plastic  natesrialu  after  expoeure 
to  elerated  temperatures  up  to  2^0°C  for  periods  of  time  up  to  766 
far.  (32  day*)-  In  this  work*  mechanical  and  electrical  properties 
were  determined*  at  intervals,  both  at  the  conditioning  tsspsrsture 
and  at  rocm  temperature,  on  specimens  which  had  been  heated  and  then 
cooled. 


ELEVATED  TCMPCMTUnt  CONOTtONNO  TIME 


Figure  1  -  Hypothetical  strength 
v»  time  curve  for  thermosetting 
laminates 


It  has  bssn  found 

(1)  that,  whan  tested  at 
elevated  temperatures,  thermo¬ 
setting  materials,  in  general, 
demonstrate  a  marked  decrease 
in  strength  end  stiffness 
after  a  relatively  short  time 
of  exposure »  the  extent  of  the 
decrease  being  temperature 
dependent*  Under  certain  con¬ 
dition#,  depending  on  the 
material,  this  mqr  be  followed 
by  increasing  strength  ns 
heating  continues.  Finally, 
particularly  at  the  higher 
tmnperaturee,  strength  iugr 
fall  off  again  as  chan  leal 
degradation  becomes  the  con¬ 
trolling  factor.  Stiffness 
character!  stica  parallel  this 
behavior*  It  is  hypothesised 
that  the  observed  pattern  say 
be  due  to  three  main  effects 
which  are  superimposed  on  one 
another*  An  Initial  "soften¬ 
ing",  which  la  a  physical 
affect  analogous  to  a  decrease 


in  visoosity,  and  which  re¬ 
sults  in  decreased  strength  and  stiffness,  occurs  after  a  short 
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heating  period*  Additional  cure*  which  is  a  time  dependent  chemical 
reaction,  aay  occur  In  the  resin  upon  further  heating*  It  would  be 
expected  that  this  would  be  rapid  at  first,  levelling  off  with  time 
a 9  reactive  aitaa  art  oonauaad,  and  that  the  overall  effect  would  be 
an  inereaee  in  strength  and  ctlffhess*  Finally,  bond  scission  and 
daooapoedtien  of  reeic  and  filler  utgr  occur.  Milch  would  tend  to  de¬ 
grade  and  weaken  the  Material*  The  net  result  would  be  a  curve  of 
the  fox*  shown  in  Fig*  1* 


PBE-FAGE  LOADED 


Figure  2  -  Elevated  temperature  flexural  strength  vs  time 
of  exposure:  Paper  base  phenolic  laminate 

A  typical  set  of  data,  for  a  paper  base  phenolic  laminate ; 
la  shown  in  Fig*  2 ,  in  which  per  cent  of  initial  (roc*  tonper. -stare) 
flexural  strength  retained  la  plotted  against  tine  of  exposure  at 
rsrio u»  temperatures*  At  £&°C  the  pro  do*  inant  factor  la  the  »aofteo- 
ihg*  effect,  so  that  strength  drops  and  levels  off,  although  there 
is  so*e  slight  evidence  of  recovery  on  prolonged  hsetlig.  At  1C0°C, 
the  softening  is  wore  Marked  but  recovery,  due  to  further  cure  is, 
quite  evident*  This  is  again  noted  at  150°C  but,  at  this  temperature 
prolonged  heating  bagina  to  cause  degradation*  Degradation  offsets 
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are  again  noted  at  200°C  and  these  effects  are  no  narked  at  2£0eC  as 
to  nask  any  effects  doe  to  additional  cure. 

Analogous  effects  to  those  described  above  here  been  noted 
In  studies  of  the  electrical  characteristics  of  thermosetting  plea* 
tics  st  elevated  temperatures  (2) j  this  work  in  discussed  In  another 
paper  in  this  symposium. 

As  s  result  of  these  studies,  the  Bureau  of  Ships  has  es¬ 
tablished  an  elevated  teaperature  strength  retention  requirement  for 
heat  resistant  materials,  which  hee  been  incorporated  in  a  xnanber  of 
specifications  (3,  It).  Zt  has  been  determined  that,  in  general, 
conventional  phenolic  laminates  (i«s.,  Navy  Types  PBE  and  FBS)  may 
be  employed  at  temperatures  in  the  rssge  of  100=150°C  and  glasc^ 
melamine  (Wavy  Type  GMG)  materials  in  the  range  15D-200°C.  Silicone 
materials  generally  show  low  strength  characteristics  after  abort 
time  exposures  but  ere  inherently  stable  chemically  at  temperatures 
up  to  2*>0 ~C.  Recently  developed  materials  include  phenolic?  with 
excellent  heat  resistance  and  glass-epoxy  materials  (Navy  Type  (SB) , 
used  for  printed  circuits ,  which  may  bo  operated  as  Class  B  insula¬ 
tion  at  temps rat  urea  up  to  130°C. 

WATER  AND  FUEL  IMMERSION 

The  effects  of  moisture  on  plastic  materials  have  been 
studied  In  e  number  of  separate  investigations,  oownencing  with  an 
evaluation  of  the  characteristics  of  conventional  high  pressure 
thermosetting  laminates  after  extended  exposure  to  several  different 
■wet"  sapient s.  Electrical  characteristics  were  determined  under 
conditions  of  high  htmddity  end  after  Immersion  in  distilled  water, 
and  in  synthetic  sea  water,  at  2*>°C  mad  £0°C,  for  periods  up  to 
1,000  hr.  Mechanical  properties  were  studied  aftar  prolonged  im¬ 
mersion  in  synthetic  sea  water  and  distilled  water  at  25°C  and  50°C 
for  peri  ode  up  to  «Y,500  hr.  In  both  instances  tbs  ability  of  the 
materials  to  "recover"  by  drying  wee  also  investigated.  The  lami¬ 
nates  included  in  these  investigations  were  paper  and  fabric  base 
phenolic s  (Navy  Types  PBE  and  FBG),  and  glass  bass  aelmnine  six! 
silicone  (Navy  Types  GHO  and  GSG).  Results  are  typified  in  Figs.  3 
and  It  and  listed,  in  part,  in  Tables  1  end  2  •  It  was  found  (5)  that 
there  was  no  essential  difference  in  effects  on  mechanical  properties 
bet  wen  immersion  In  sea  water  as  against,  distilled  water,  nor  did 
raising  the  temperature  of  the  water  to  $09C  produoe  any  substantial 
differences  In  effects.  On  ths  other  hand ,  in  studies  of  electrical 
characteristics,  ths  affects  of  sss  imter,  as  might  be  expected, 
wre  much  more  severe  than  those  cau*d  by  distilled  water.  Further, 
Increasing  the  temperature  of  the  Immersion  nsdium  to  5D°C  also 
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Figure  3  -  Flexural  strength 
(face  loaded)  vs  time  of  im¬ 
mersion  in  sea  water  at  50°C 
and  after  subsequent  drying 


oonetltutod  a  more  severe  condition,  ao  that  the  Boat  deleterious 
mediae,  with  respect  to  electrical  properties  vae  synthetic  sea 
water  at  $0°C.  Of  the  four  materials  evaluated,  the  glass -«ilieor» 
laminate  ms  aoet  resistant  to  degradation  by  humidity  or  water  in¬ 
version,  both  Bechsnically  and  electrically,  Further,  this  material 
showed  unreal  lent  recovery  of  mechanical  strength  upon  drying  follow¬ 
ing  lamer  el  on)  however ,  re  oo  very  of  electrical  characteristics  upon 
drying  was  United,  The  phenolic  inductee  Mrs  moat  eesritiva  to 
Mter,  suffering  severe  degradation  in  both  mechanical  and  electrical 
properties  on  immersion. 

The  emergence  of  the  low  pressure  laminates,  such  as  the 
glass  rsinforoed  poly  astern,  as  nr.torlals  of  construction  for  boat 
hulls  and  in  similar  applications,  necessitated  the  development  of 
lafetwatlen  on  the  effects  of  extended  sea  Mter  immersion  on  such 
materials.  An  investigation  along  these  lines,  which  will  extend 
over  e  five  year  period,  currently  being  conducted  by  the  Naval 
Material  Laboratory,  Staples  of  polyester  laminates,  fabricated 
with  live  different  typical  reinfbroesient  layups,  are  being  in* reed 
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Figure  4  -  Dielectric 
strength. vs  condition* 
ingtime  at  96  percent 
RHg  50cC;  recovery  at 
25°C,  50  percent  RH. 
Glass  -  silicone  and 
paper  base  phenolic 
laminates. 


la  sm  water  at  the  V«  7*.  Clapp  Laboratories  exposure  site  at 
WrighteviUe  Beach#  X.  C.  A  group  of  staples  is  imcved  fren  the 
1— ersloa  site  iwsilly  and  shipped r  under  water#  to  the  Katenrlal 
Laboratory  for  evaluation*  Tecta  art  conducted  on  aatplaa  In  the 
vet  oondltioo  and  aftar  drying*  7c  t  je ar  istrslon  data  are  show,  in 
Tdbl#  3  (6).  Za  interpreting  ltersion  data#  due  consider eti on 
should  bt  given  to  resin  oontent#  si  not  experience  has  shown  that 
for  a  given  rsinforoeaest#  lMdaatas  with  too  low  a  resin  oontent 
art  foaptltla  to  degradaticn  by  water*  Se suite  to  date  indicate 
that  tha  laiaate  with  tbs  fine  weave* laproved  finish  glaae  doth 
rain  forwent  (Style  IffiL)  is  aost  resistant  to  deterioration  by 
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TABLE  1 

Strength  Retention  o f  Plastic  Laninates 
After  Insert  ion  sasd  on  Recovery* 

A.  fee  cent  of  Initial  flexard  strength  retidnod 


Faoe  Loedgd  Edge  Leaded 


(***y  Tip* 1 

Iaesarsion 

Recovery 

lacer  ei  on 

Recovery 

PSE 

30 

hP 

65 

85 

pm 

70 

7< 

•  ^ 

7«J 

75 

GMQ 

50 

80 

5& 

80 

030 

85 

- . -  - - i 

100 

85 

90 

B.  Per  cent  of  initial  ccsgsresslve  strength  rat'd 

Pace  Loaded 

Edge  Losdsd 

(**T7  m») 

iMBcrsien 

Recovery 

Irasereioc 

Recovery 

PBS 

U5 

80 

hO 

75 

FBO 

80 

90 

70 

85 

am 

80 

do 

50 

70 

tanersion  - 

Average  per  cent  of  initial  strength  retained  after  In- 

nor si  on  far  k$Q0  hr. 

Recovery  -  Average  per  cent  of  initial  at  rang  th  retained  after  ex¬ 
tended  drying  for  U500  hr.  preceded  by  U5TOO  hr.  of  Inaatrsion  in 
diatilled  water  at  2$°C, 


TABLE  2 

Dielectric  Proportion  of  Flaatic  Lanlnatas 
After  Ianerslan  and  cn  Recovery  * 


t.mh  mto 
(N«vy  Type) 

Immersion 

Recovery 

PBS 

15 

85 

PBO 

8 

79 

GMQ 

n 

93 

080 

U3 

61 

*Inaereion  -  Ienersion  in  eater  at  25°C  -  3000  hr. 
See  ovary  -  Drying  1000  hr.  following  lanersian. 
^Dielectric  strength  parallel  to  forming  pres¬ 
sure,  volts/nil  (S/S). 
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TAELS  3 

Xnmersion  of  Polyester  -  ulus  Lap  incite  a 


Luinate* 


Property 

Condition** 

181 

Cloth 

1,000 

doth 

Mat 

Worst! 

Roving 

Plaxaral 

A 

k$'l 

35.0 

29.2 

28.8 

Strength, 

1 

yr  S.V. 

5DJ* 

&.9 

23.6 

22.9 

pel  x  10 “3 

2 

yr  S.V. 

1*9.3 

32.7 

21.5 

2i*.U 

3 

yr  S.V. 

52.  U 

31.9 

22.6 

23.0 

u 

yr  d.w. 

4$«1 

26.1 

20,5 

22.1 

Jl  yr  S.V.  It  Dry 

10 .3 

32.0 

20.0 

26.3 

Ccnpregoiva 

A 

37.4 

26,9 

W  5 

9  e^ 

20,8 

Strength, 

1 

yr  S.V. 

55  ft 

21.2 

18.8 

12.3 

nd  <r  V}""-' 

i — ■  —  — ■ 

2 

yr  3.W. 

35.2 

X9el* 

18.1 

12. U 

3 

yr  S.V, 

29.7 

17,2 

17 .0 

11.0 

k 

yr  S.V. 

26.0 

17.0 

17.7 

11.9 

Resin  Content, 

%  by  wfc 

A 

58.1 

i*iu7 

72.6 

50.5 

®181  -  Osrsn  glass  doth* 

1,000  •  Tolsn  glass  doth* 

1  1/2  es  -  Osrsn  glass  suit.  high  eolut&Iity  binder. 
Osrsn  finished  woven  roving,  $  x  k,  2k  os. 

"A  -  Reference  condition. 

S.v.  »  Sea  water  1—si  slop  )v 

S.V.  &  Dry  •  Sea  water  Isoarsion  pins  U  wesiif  drying. 


water  immersions  the  course  i owing  relzxforosnent  produces  a 

luinsto  xhich  is  nest  water  sensitive.  While  flexural  properties 
of  the  laminates  are  adversely  affected  by  lamer cl cn,  edge  coapres- 
sive  properties  are  degraded  to  a  greeter  extent.  Significantly,  it 
has  been  found  that  speduae  cut  fron  internal  tress  of  an  iaaersed 
sample  are  no  less  adversely  affected  than  are  specimens  taken  from 
the  edge  of  a  sample,  indicating  that  water  does  not  enter  exclu¬ 
sively  at  the  edges  of  a  laminate  but  diffuses  through  all  surfaces. 

The  projected  application  of  reinforced  plastics  in  the 
fabrication  of  fuel  tanks  necessitated  a  study  of  the  affects  of 
the  more  ooaaon  fuels  on  such  uteri  ale.  Investigation  has  shown 
that  polyester  md  epooy  laminates  which  are  properly  fabricated 
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and  mrad  tn  «*aanti*my  «naff*c ted  by  lasers!. en  in  diesel  foci  or 
Jet  fuels  such  as  JP-£. 

t 

As  an  adjunct  to  the  above,  it  nuns  also  necessary  to  deter- 
aine  whsther  the  rsdnforced  plastic  aateriiils  had  any  deleterl'sun  ef¬ 
fects  on  stored  fuels*  Such  an  investigation  has  been  conducted  st 
TISMKEfV.  inn»i:y*Xi®  rvn  »  n'»W  p«^*  IfT-instni"?  y'-T*  1  tted  ly  th~ 
Maral  Material  Laboratory.  This  group  of  smteri/itU  rpclodsd  glass 
reinforced  polyester  aavi  epoxy  laminatef/i  fabricated  idth  several 
different  resin  systems,  under  different  eujir^  conditions,  by  a 
n  unbar  of  different  techniques*  Materials  ware  ^ evaluated  oy  im¬ 
mersing  ample  strips  in  aviatissigaacCLirw,  J?«L  jet  englna  fuel, 

■a ariiic  diesel  fuel,  and  Navy  Special  fuel  for  6  months  at  110°F,  and 
noting  permeability  (as  measured  by  gain  in  %  wight)  and  tendency  to 
increase  rm  content  of  station  gasoUcc*  Results  iMicstsd  (?) 
that  glass  reinforced  polyester  md  epoxy  laminates  c/m  b«  produced 
which  are  impeiwiesbXe  to  fuels  ?sr;d  which  do  not  significantly  in¬ 
crease  the  gum  contest  of  aviation  gasoline*  On  the  other  hand ,,  tha 
data  indicated  that  not  ell  polyester  mains  are  inert,  i.e*  certain 
resin  system®  have  s  Usr&vncy  to  increase  gua  content  of  svistiisu 
.  fuel/:1-  Furthermore ,  undercured  polyegter  resins  may  also  be  ex¬ 
pected  to  hare  a  similar  effect*  In  the  case  of  epoxy^resins ,  dif¬ 
ferent  mine  hardeners  my  not  be  equally  inert  and  there  is  scae 
evidence  to  Indicate  that  excessive  hardener  concentration  say  have 
deleter!  oue  effects* 


OUTDOOR  WEATHER  AGIKQ 

The  most  coranon,  and  perhaps  the  most  important,  of  the 
conditions  which  may  affect  the  serviceability  of  plastics  la  out¬ 
door  exposure.  Weathering  investigations  to  determine  such  effects 
are  most  extensive,  not  only  for  plastics,  but  for  materials  of 
construction  in  general.  Sose  years  ago  the  Naval  Material 
Laboratory  undertook  a.  program  to  study  the  effects  of  outdoor 
we  ether  aging  on  a  number  of  thermoplastic  and  themoaetting  trans¬ 
parent  materials  and  several  representative  plastic  laminates.  In 
order  to  obtain  a  re presen tat ion  of  H*iv  uav  forc?st  climatological 
conditions  to  which  such  materials  might  be  exposed,  five  exposure 
sites  were  selected,  aa  follows:  Panama,  C«.  Z*  (tropical),  Jtev 
York  (temperate),  New  Mexico  (dry,  desert) ,  Fort  Churchill,  Can. 
(sub-arctic),  /and  Pt«  Barrow,  Alaska  (arctic)* 

The  original  program  ran  for  three  years,  during  which 
period  swplaa  naze  r amoved  from  exposure  sites  at  intervals  and 
shipped  to  the  Naval  .Material  Laboratory  for  evaluation  of  mechan¬ 
ical,  electrical,  and  optical  properties.  Results  are  summarised. 


!> 
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Figure  5  -  Cast  phenolic  exposed  at  various 
sites  for  3  years 


qualitatively,  in  Table  U*  In  •usance,  it  was  found  (6)  that,  of 
th «  transparent  materials  tested,  methyl  aetoacryiaie  and  cast  allyl 
vne  relativaly  unaffected;  the  leatnated  materials  wtre  Exchanically 
stable  but  shoved  aam  surface  erosion  and  degradation  in  electrical 
prspsrtles.  There  nc tiiialn  acst  ssnsitJ ve  to  light,  such  as  the 
▼inyl  copolymer,  vara  aerioualy  degraded  at  New  Mexico,  which  cli¬ 
mate  otherwise  proved  relatlrely  mild*  It  is  interesting  to  note, 
also,  that  the  Canada  and  Alaska  cites  mere  most  deleterious  to 
electrical  characteristics  of  laminated  Insulating  materials.  0.; 
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Figure  6  -  Cast  phenolic  exposed  at  New  York 
for  periods  up  to  2  years 


Fried  and  fuc  i«i  r ; 


TABLE  k 

Svautazy  of  Effects  of  7r roc?  Tour  Weather  Aging  on  Plastic  Material!? 


M&tariaJi 

MfeChrmleal 

STleetrieel 

Ootical 

Methyl 

Methacrylate 

Negligible  ef¬ 
fect*  all  elt»a 

Slight  effects 

Slight  yellowing 
at  Pan*  NsMs 

Cellulose 

Acetate 

Sere re  degrada¬ 
tion  at  N*T*j 
lesser  :ie  grad  ac¬ 
tion  at  Pan* 

Slight  effects 

Parallel  mechan¬ 
ical  offset;? 

Cast  Allvl 

m 

Slight  effects 
all  sites 

Slight  effects 

Slight,  yellowing 
r» —  - 1  y  v  . 

*  dUt  eAa-A*  m 

Ha**  7$  at  NeY0 

Vinyl 

Moderate  de¬ 
gradation, 
at  Pan?  and 

17  1# 

« 

Slight  effects 

Severe  darken¬ 
ing  at  Pan.  *iid 
N*M.$  marked 
darkening  other 

S±t0C 

Cost 

Phenolic 

Degradation  at 
all  sites,  stoat 
severe  at  N#T. 
and  ran? 

Degraded  «t  N#I* 
rad  Psn. ;  subt¬ 
ly  improved  at 

S*veiN»  degrade 
tier.  N*T.  as'l  Pen. 
larked  yellowing 
at*  all  sj.‘is»o 

Polyester- 

Glass 

Laminate 

Slight  de¬ 
gradation  all 

sites 

General  a Oder- 
«;t©  degradation, 
aioet  severe  at 

Can,  and  Alaska 

OMQ 

QT  ^  e 

w— we  ▲  w  ww 

^  <7  4  am  *4> 

WUeviVU  •»  V 

Can.  and  Alaska 

— 

PBE 

Slight  effects 

Degradation  st 

Cm*  «nt.  Alaska 

— 

FEC 

Slight  effects 

Degradation  at 

Can.  and  Alaska 

— 

OSG 

Slight  effects 

Degradation  at 

Can.  and  Alaska 

— 
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Figure  7  -  Melamine -gla 3 s  laminate  exposed 
at  various  sites  for  2  years 


an  overall  bads,  the  New  Tork  climatological  condition*  wore  quite 
severe,  reflecting  the  combined  effects  of  a  seaboard  location  and  m 
industrial  atmosphere. 

Upon  ooapletioa  of  the  3  ya*r  program  it  vas  decided  to 
extend  the  duration  of  the  test  period  to  ten  years  at  one  cite. 

Hew  Tork,  using  serviceable  rate  rial  which  had  been  exposed  :!n  the 
original  prograa.  Six  year  data  indicate  that  methyl  rathacrylete 
and  cast  allyl  continue  to  be  relatively  unaffected  ^hile  the 
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Figure  8  -  Mela  mine -glass  laminate  exposed 
at  New  York  for  periods  up  to  7  years 


sensitive  cellulose  aootats,  vinyl,  and  cszt  phenolic  scicc  lslc 
degredod  further-*  *11  of  the  laninatcxi  siaier.U.'l-s  show  fur  t  lie.  s;  ri’eslon 
of  surface  resin.  Surface  eff$:;ts  ere  aho>e  in  the  photomicrographs. 
Figs.  5  through  8. 

NEW  PHOCIUMS 

At  present,  the  Naval  Hat^iial  Laboratory  is  scheduling  a 
new  weather  aging  investigation,  wi  th  emphasis  on  reinforced  poetics 
including  both  polyester  and  epoxy  Lanina tes  fabricated  with  various 
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glees  reinforcements,  and  inoorpor cling  c  study  of  the  effects  of  a 
msr.ber  of  fabric ational  variables.  Also  included  In  this  progress 
will  be  such  newly  developed  materials  as  Lexan  end  Delrin, 

In  addition  to  the  above  projected  prograa .  there  Is  in  the 
planning  stage  at  the  Laboratory  a  program  for  atudyii^  the  eroelve 
effects  m  glass  reinforced  plasties  of  water  flowing  over  the  laai- 
nate  stolaces  at  velocities  up  to  100  ft/sec.  For  this  investigation 
a  siz  illative  test  is  being  devised  end  an  attempt  fd.ll  be  Metis  to 
develop)  an  accelerated  procedure. 

Considering  the  inresiigaticzts  described  above,  ssd  similes* 
work  performed  by  * any  other  laboratories,  it  Is  utlll  difficult  to 
arrive  at  «iy  broad  generalisations  with  regard  to  anvlromntal 
effects  on  plastic  materials,.  The  develooBsat  of  informatics}  on  the 
behavior  of  a  material  under  one  set  of  conditions  till  not*  in 
general,  enable  the  prediction  of  behavior  under  other  conditions, 
particularly  if  the  condi  tions  are  widely  different  or  a  new  en- 
*irois6Btal  factor  is  added.  It  way  therefore  b*  predicted  that,  as 
new  plastics  sirs  dsvclcpstd  and  as  presently  nivillftwli  are 

extended  to  new  applications,  investigations  of  fth*  dssfribsd 
abort  will  centime  to  fee  required,  at  least  until  each  tine  as  the 
ftmdweatal  physical  fhemiatry  of  materials  has  been  completely 
defined. 
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A  Discussion  of  Some  of  the  Problems  of 
Thermoelectric  Efficiency  and  Coefficient  of  Performance 


William' H.  Lucke 
U.  S.  Naval  Research  Laboratory 
Washington  25,  D.  C. 


INTRODUCTION 


Any  discussion  of  the  analysis  of  thermoelectric  devices 
necessarily  involves  the  use  of  the  terms  which  describe  quantita 
tively  the  phenomena  or  properties  of  interest.  Accordingly,  wc 
introduce  our  discussion  by  defining  the  pertinent  terms  and  pre¬ 
senting  the  symbols  we  shall  use  to  represent  them. 


Seebeck  Voltage.  -  The  open  circuit  voltage  of  a  thermo¬ 
couple  supporting  a  temperature  difference. 


d  £  Thermoelectric  Power.  -  The  derivative  of  the  Seebeck 
dT  voltage  with  respect  to  absolute  temperature.  Since  two 
materials  are  necessary  to  form  a  thermocouple  c^N 
necessarily  denends  on  both.  However,  it  is  possible  to 
determine  the  Osfor  a  single  material  by  making  measure¬ 
ments  of  its  Thomson  coefficient  and  using  the  first  Kelvin 
relation.  Such  an  is  called  "absolute."  The  determina¬ 
tion  of  absolute  's  for  various  metals  has  been  carried 
out  by  Borelius  (1)  and  others. 


w  Peltier  Coefficient.  -  The  product  of  it  and  the  electric 

current  through  junction  of  tv/o  dissimilar  materials  gives 
the  rate  at  which  Peltier  heat  is  absorbed  or  evolved  at 
the  junction. 
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The  Thomson  Coefficient.  -  The  product  of  -r.  the  current 
I,  and  the  temperature  gradient  dT/  dX  gives  the  rate  at 
which  Thomson  heat  is  absorbed  or  evolved  in  a  length  dX 
of  a  thermocouple  element.  We  shall  in  this  paper  also 
make  use  of  the  magnitude  of  the  Thomson  coefficient, 
writing  the  sign  explicitly.  For  this  purpose,  it  is  conven¬ 
ient  to  use  the  symbol /‘^’wh  ere  ~  j/y'| 


2 


The  Figure  of  Merit.  -  An  approximate  calculation  of  gen¬ 
erator  efficiency  leads  directly  to  z.  We  suppose  that  the 
generator  consisting  of  the  two  elements  a  and  b,  is  working 
into  a  matched  load,  hence  the  power  out  is 


P 


e * 


where  R  is  the  resistance  of  the  couple  and  is  the  sum  of 
Ra  and  R^,  the  electrical  resistances  of  the  elements. 

Now  £  may  be  equated  to  ck  {T’n-Tc)  where  is  an  average 
or  effective  such  that 


Tc 


where  Tfc  is  the  absolute  temperature  of  the  hot  junction, 
and  Tc  that  of  the  cold.  Hence,-  we  may  write 

u  .  5,2  (Th  -  TC)Z 

0  '  - ?K - 


The  power  into  the  couple  is  applied  as  heat  flow.  This  heat 
flow  is  composed  of  the  sum  of  several  terms  of  which  the 
heat  converted  to  electricity  is  one,  but  the  larges  term  by 
far  is  that  of  the  conducted  heat.  Ignoring  the  others,  the 
power  in  is 

Q  .  =  K  (T  -  T  ) 

in  he 

where  K  =  Ka  +  K^,  the  sum  of  the  thermal  conductances  of 
the  elements. 
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Thus,  the  efficient 


y»  /fj  >  is 

d?  (Th  -  Tc)2 

4RK  (Th-Tc) 


± _ "c  x  : n  x  o 


It  is  easily  shown  that  the  optimum  geometric  proportioning 
of  the  two  legs  leads  to  (2-) 


■n 


v/p  k  +  s/  P.k. 
r  a  a  r  b  b 


where  ^  and  k  stand  for  the  electrical  resistivity  and  ther¬ 
mal  conductivity  respectively,  Moreover,  in  this  case 


Rh  '  K, 

•?  4 


Thus,  the  figure  of  merit  z  is  defined  for  a  couple  as 


T  2 


7.  = 


iyFx 

L.  01  1 


i/sm  2 


There  is  no  easy  way  of  breaking  this  down  into  a  z  for  each 
clement.  However,  if  one  makes  use  of  the  fact  that  the 
highest  thermoelectric  powers  are  achieved  bv  a  combina¬ 
tion  of  N  and  P-type  semiconductors,  in  which  case  the 
absolute  ^  's  are  added,  z  becomes 


<3T+  V 


'[/PA  +  WtJ2 

Clearly,  if  the  <^\  's  of  each  material  are  each  made  as 
large  as  possible,  and  the  products  of  as  small  as  pos¬ 
sible,  z  will  be  as  large  as  possible.  Hence,  it  is  com¬ 
monly  accepted  practice  to  speak  of  the  z  of  a  material 


and  to  write  it 


-J&1 

k 
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We  have  written  equation  [l)  so  that  a  Carnot  efficiency  term 
is  explicit.  From  the  point  of  view  that  it  is  profitable  to 
compare  the  efficiency  of  any  thermal  engine  with  that  of  a 
Carnot  engine,  this  is  justified.  However,  the  implication 
that  the  maximum  theoretical  efficiency  nf  a  thermocouple 
is  Carnot  is  not  in  general  justifiable  as  we  shall  see 
presently. 

THOMSON  HEAT 

Of  the  terms  so  far  discussed,  there  is  the  greatest  confu¬ 
sion  concerning  the  Thomson  heat.  Text  book  definitions  of  it  are 
generally  vague  and  confused,  and  give  little  aid  to  the  designer  of 
a  generator  or  refrigerator.  There  is  even  confusion  concerning 
the  proper  sign  to  be  used  in  relating  it  to  the  derivative  of  the 
thermoelectric  power,  i.  e.  ,  the  first  Kelvin  relation 

X  . 

T  *  dT 

One  of  the  primary  objectives  of  this  naper  is  to  clarifv  this  situa¬ 
tion  by  showing  how  the  magnitude  of  Thomson  heal  may  easily  be 
calculated,  and  what  its  role  is  in  the  calculation  of  efficiency. 


Thomson  Heat  For  P-Type  Materials 


Instead  of  writing  the  Seebeek  voltage  of  a  circuit  |n  th*> 
usual  way  as  the  sum  of  the  Peltier  and  Thomson  voltages,  i.  e.  , 


J. 


c 


we  begin  with  the  fact  of  the  definition  of  as  the  temperature 
derivative  of  £  ,  hence 


+  const. 


For  convenience,  we  shall  assume  that  we  are  dealing  with 
a  thermocouple  composed  of  a  P-type  semiconductor  as  one  element 
and  an  ideal  reference  substance  having  no  thermoelectric  activity 
as  the  other.  (Strictly,  this  reference  substance  would  have  to  be 
a  metal  in  a  superconducting  state.  However,  copper  approximates 
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to  cur  ideal  quite  well  at  ordinary  temperatures;  having  a  thermo¬ 
electric  power  of  a  few  microvolts  per  degree  (1),  whereas  our  P- 
type  material  may  have  an  of  a  lew  hundred  microvolts  per  degree. ) 
Suppose  that  an  experimental  plot  of  the  thermoelectric  power  of  this 
couple  (which  is  really  a  plot  of  the  absolute  thermoelectric  power  of 
the  P-type  material)  is  as  shown  in  Figure  1  by  the  segment  x  -  y. 


Figure  1.  The  ()»  Characteristic  of  Type  I  Material. 
Therefore,  we  have 


-f 


T 


<K, dT 


Integrating  by  parte  we  get  £  = 


m;:  f 


Td  dJ. 
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We  see  that  the  first  term  is  the  area  OBCDO.  This  area  represents 
the  Peltier  voltage  at  the  hot  junction  3ince,  by  the  second  Kelvin 
relation,  ft  =  C^T  .  CApcTc  is  the  area  OAFEO,  and  represents 
the  Peltier  voltage  at  the  cold  junction.  Finally,  examining  the  inte - 
gral  term  we  see  that  TddiP  is  tne  element  of  area  of  the  area  EFCDE 
and  that  the  integral  itself  gives  the  total  area.  That  this  integral 
represents  the  Thomson  voltage  can  be  seen  by  transforming  it  to 
integration  with  respect  to  T. 


The  last  equality  holds  by  virtue  of  the  first  Kelvin  relation.  There¬ 
fore,  we  may  write 


£  =  ^hTh  -  ^cTc  - 


n 


T  dT 
dr 


and  the  magnitude  of  each  of  the  terms  is  clearly  seen  by  referring 
to  Figure  1. 

It  will  be  seen  from  this  that  Joffe's  use  of  an  average  or 
effective  such  that 

f  =  (T,  -  T  )  =  ABC  FA 

he 

is  justifiable  and  quite  useful,  hut  that  his  policy  of  ignoring  the 
Thomson  voltage  is  not.  Since  the  area  representing  the  Thomson 
term  extends  back  to  the  absolute  zero  of  tempe ratur e ,  it  does  not 
take  a  large  difference  between  the  h  and  C*c  to  produce  a  voltage 
quite  comparable  to  the  net  voltage. 


It  is  seen  from  the  figure  that  the  Peltier  voltage  at  the  hot 
junction,  OBC DO,  is  equal  to  the  voltage  generated,  A BC F A ,  plus 
the  Peltier  voltage  of  the  cold  junction  CAFEO  plus  the  Thomson 
voltage  ETC  BE. 
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Now  if  we  multiply  the  equation  for  £  by  I  we  hav< 

>.T. 


£1  =  1  T  -I  A  T  -  l  I 

Ph  h  VPe  r  -/ 


Pc  c 


T  ^-^dT 
dT 


The  term  on  the  left  is  power  generated,  and  the  terms  on  the  right 
represent  rates  of  absorption  or  rejection  of  heat.  This  can  be  done 
graphically  by  multiplying  all  the  ordinates  of  Figure  1  by  I.  Thus 

I  x  OBCDO  =  I  x  ABC  FA  +  I  x  OAFEO  4  I  x  EFCDlf 


I  x  T,  =  I  x  £  4  T  x  T  4  I  x  / 

Ph  h  Pc  c 

T, 


r?h 


T^dT 

dT 


Clearly,  since  ld»pcTc  represents  the  Peltier  heat  rejected 
at  the  cold  junction,  the  Thomson  heat  term,  having  the  3ame  sign, 
also  represents  heat  rejected.  We  see,  moreover,  that  this  Thomson 
heat  was  originally  absorbed  at  the  hot  junction  as  Peltier  heat. 

Now  the  direction  of  conventional  current  in  a  thermoelectric 
generator  such  as  we  have  assumed  is  down  the  temperature  gradient 
in  the  P -element  (the  direction  from  C  to  F  in  Figure  1).  In  other 
words,  for  P-type  material  with  d<*,/  dT  ^  0  and  current  flow  down 
the  gradient  Thomson  heat  is  rejected.  We  shall  designate  this  as  a 
type  I  element. 


In  Figure  2  we  represent  an  experimental  plot  of  a  thermo¬ 
couple  similar  to  the  first,  except  that  the  slope  is  negative.  We 
designate  this  a  type  II  element.  (See  next  page.  ) 

Here  again,  the  areas  represent  voltages  and  the  product  of 
areas  by  current,  power,  or  heat  flow. 

I  £  =  I  x  ABC  DA 

I  <*VTu  =  I  x  OBCFO 
h  h 

I  T  six  OADEO 

c  c 

Thomson  heat  -  I  / Th  rf  dT  =  I  x  FCDEF 

P 
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Figure  2,  The  <3"*  Characteristic  of  a  Type  II  Material. 

The  total  rate  of  heat  absorption  is  given  by  the  area  I  x  OBCDEO 
(the  sum  of  the  Thomson  and  hot  junction  Peltier  heats).  Subtraction 
of  the  cold  junction  Peltier  heat  I  x  OAOEd,  leaves  the  area 
I  x  ABCT57T,  which  is  just  the  electrical  power  generated.  Thus, 
Thomson  heat  is  absorbed  when  current  flows  down  the  gradient  in 
a  P-type  element,  with  d  C^/  dT  ^  0. 

As  Thomson  originally  envisaged  it,  this  heat  was  absorbed 
through  the  lateral  surfaces  of  the  element.  However,  in  present 
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generator  practice  these  surfaces  are  thermally  insulated  and  the 
question  arises  as  to  the  source  of  this  Thomson  heat.  An  approxi¬ 
mate  solution,  correct  to  within  about  2%,  of  the  heat  conduction 
equation  of  an  element,  shows  that  half  of  the  Thomson  heat  flows 
directly  from  the  hot  junction  and  that  the  other  half  is  abstracted 
from  the  ordinary  conducted  heat.  (This  will  be  discussed  in 
greater  detail  further  on.  ) 

Thomson  Heat  for  N-Type  Materials 

N-type  elements  may  be  analyzed  in  the  same  way  as  the  P- 
types.  The  figure  for  type  III  materials  may  be  obtained  by  a 
reflection  of  Figure  1  in  tJie  T  axis  since  the  absolute  thermoelectric 
power  of  N-type  materials  is  negative.  Such  a  reflection  changes 
the  sign  of  the  slope  (i.  e.  ,  d  <k/  dt  <  0).  However,  in  an  N-element 
used  in  a  generator,  current  flow  is  up  the  temperature  gradient 
from  F'  to  C1,  thus  the  negative  slope  combines  with  the  reversal 
of  current  to  give  rejection  of  Thomson  heat.  The  same  argument 
holds  for  type  IV  materials,  i.e,  ,  reflection  of  a  type  II  character- 
istuc  gives  a  positive  slope,  but  again  the  current  flow  is  reversed 
so  that  absorption  of  Thomson  heat  occurs. 

The  case  of  both  P  and  N-type  materials  in  which  a  maximum 
or  minimum  of  occurs  between  the  temperatures  Th  and  Tc  can 

also  be  handled  by  the  present  analysis,  but  we  shall  not  discuss  it 
here. 


It  is  worth  pointing  out  that  the  present  analysis  is  quite 
practical.  It  requires  only  an  experimental  plot  of  the  absolute 
thermoelectric  power  of  an  element  which  can  easily  be  obtained  by 
using  copper  as  the  reference  since  values  of  the  absolute  thermo¬ 
electric  power  of  copper  have  been  published.  (1).  The  areas 
representing  generated  voltage,  hot  and  cold  junction  Peltier  heats 
and  Thomson  heat  can  then  be  found  graphically. 

Combination  of  P  and  N-Type  Materials 

We  suppose  now  that  we  have  a  thermoelectric  generator 
composed  of  a  type  I  P-element  and  a  type  IV  N-elemcnt.  The 
characteristic  is  shown  in  Figure  3.  (See  next  page.  )  Clearly, 
the  total  voltage  generated  is  the  sum  of  the  individual  voltages 


\ 
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Figure  3.  The  Characteristics  of  a  Generator 
Composed  of  Type  I  and  XV  Elements.  (Arrows 
indicate  conventional  current  flow.  ) 


or  the  area  HMCFH.  The  total  Peltier  heat  absorbed  at  the  hot 
junction  is  given  by  the  product  of  the  current  and  the  area  JMCDJ. 
The  Peltier  heat  rejected  at  the  cold  junction  is  the  current  times 
the  area  JLHJ'HL’  The  net  Thomson  voltage  is  a  positive  term 
being  the  difference  between  the  areas  LHMjL,  AND  EFCDE,  i.  e.  , 
Thomson  heat  is  rejected  by  the  P -element  and  absorbed  by  the 
N-element.  The  absorbed  Thomson  heat  is  greater  than  the  rejected 
Thomson  heat  in  this  hypothetical  case. 

Thus,  the  total  heat  absorbed  is 

- -  ,  /*T  h  <2^ 

I  x  JMCDJ  +  Ix  LHMJL  -  IC^Th  +  Ix  J  TmdT  (3) 
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The  total  heat  rejected  is 


I  x  LHFEL.  y  I  x  EFCDE  =  I  x  cX  T  +  I  x  /  '"TWr  (4i 

r  r 


EFFICIENCY 


We  are  now  in  a  position  to  write  the  expression  for  the 
reversible  or  theoretical  efficiency  for  the  case  of  Figure  3.  Using 
the  expression 


Efficiency  =  ^ 


Q.  -  Q  . 
m  out 


and  substituting  from  equations  (3)  and  (4)  above 


/l  h.  h 

f  dT)  -  I  {  ^  T  +  /  T  PdT 1 
n  c  c  £ 


I  (  T,  +  h^ndT) 
h  h  ' 


<*hTh  -  *c~c  +  J 


t  j  •  noi  -  y  -  rai 


<*hTh  +  /Th  r’ 


It  is  seen  at  once  that  this  is  not  Carnot  efficiency.  Carnot  efficiency 
will  be  achieved  only  when  =  0  (in  which  case,  <h.  * 

=  (M,  That  is 

d>\  -  \  ■ 

ic  -  *t.  -  f:  • 


This  leads  at  once  to  th(e  important  conclusion  that  to  achieve 
the  highest  efficiencies  materials  must  be  sought  having  negligible 
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Thomson  coefficients  in  the  operating  range. 

Conversevly,  higher  efficiencies  may  be  obtained  by  limiting 
the  operating  range  of  temperature  to  that  part  of  the  character¬ 
istic  having  the  smallest  Thomson  coefficient.  In  such  a  case, 
increasing  the  temperature  difference,  T^  -  Tc,  may,  by  including 
a  region  of  high  t*  ,  lead  to  a  lower  efficiency  than  is  obtainable 
with  a  smaller  value  of  Tft  -  7C. 

As  a  corollary  it  may  be  shown  that  setting  the  operating 
range  equally  above  and  below  a  maximum  {or  minimum)  in  the 
characteristic  so  that  <&  ^  =  C^c  but'  the  f  's  are  not  zero  still  does 
not  give  Carnot  efficiency.  Practically,  however,  this  will  usually 
confine  us  to  a  region  of  small  so  that  the  best  efficiencies  may 
be  realized. 


Refrigeration 

The  same  hypothetical  thermocouple  whose  characteristic  is 
diagramed  in  Figure  3  may  be  used  as  a  refrigerator.  In  this  case, 
the  current  is  reversed,  i.  e.  ,  flow  is  clockwise. 


Since  the  currents  are  reversed,  heat  absorption  and  rejection 
are  reversed.  The  Peltier  heat  absorbed  at  the  cold  junction  &  CTC 
is  now  given  by  the  product  of  I  and  the  area  LHFEL.  The  Peltier 
heat  rejected  at  the  hot  junction,  rf'hXh.  is  I  times  the  area  JlvICDJ. 
Thomson  heat, 


■/ 


r, 


PdT , 


is  absorbed  by  the  P -element  in  the  amount  I  times  EFCDE  and  the 
Thomson  heat, 


C  'Tn 


dT, 


rejected  by  the  N-element  is  I  times  the  area  EHMJL.  The  voltage 
against  which  the  current  source  works  is  given  by  the  area  HMCFH, 


Here  again  the  question  is  raised:  What  happens  to  the  Thom¬ 
son  heat  absorbed  or  rejected  in  a  laterally  insulated  element?  The 
answer  is  the  same  as  before.  To  a  good  approximation,  half  the 
Thomson  heat  absorbed  (in  the  P -element)  is  taken  from  the  cold 
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junction  and  half  the  heat  rejected  (from  the  N-element)  goes  to  the 
cold  junction. 


The  reversible  or  theoretical  coefficient  of  performance 
(COP)  is 


COP  = 


LHFEL  +  EFCDE 


HMCFH 

or  in  terms  of  Thomson  and  Peltier  hgats, 


PdT 


COP  = 


1  'Y 

<AhTh  +  -i;  Tt 


,  /  *hT 

ndT  -  d  T  -  5  PdT 


c  c  T 


Her 


hTh  ■  T 
1  c 

e  again,  if  ^^P  =  »  0  (so  that  =  A  =  t>, ) 

n  K  w  ~ 

At 

^-T^f 


h  ~c 
T 


fa>  - 


'  ’  r 
h  c 


and  a  Carnot  coefficient  of  performance  is  achieved  for  this  special 
case.  In  this  connection,  it  is  interesting  to  note  that  if  a  couple 
were  constructed  of  type  II  and  IV  materials  so  that  both  the  P- 
element  and  the  N-element  reject  Thomson  heat  and  A  h  is  very 
much  smaller  than  a  theoretical  coefficient  of  performance 

greater  than  Carnot  can  be  demonstrated.  (See  Figure  4  on  next 
page.) 


That  is,  COP 


FCDEF 

CHDGC 


The  COP  for  a  Carnot  refrigerator  would  be  given  by  the  ratio 


FCDEF 
CAB  DC 

which  is  clearly  smaller.  However,  we  realize  that  since  Thorn- 
sop  heat  is  rejected  at  temperatures  less  than  we  ttre  effectively 
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Figure  4.  Refrigerator  Using  Type  II  and  IV  Materials. 
(Dotted  lines  indicate  the  Carnot  cycle  which  would  have 
the  same  refrigerating  capacity.  ) 

cooling  by  a  lesser  amount  than  the  Carnot  which  rejects  all  its 
heat  at  Th.  Hence,  the  larger  apparent  COP  is  not  surprising. 

Heat  Pump 

The  analysis  of  the  heat  pump  proceeds  quite  similarly  to 
that  of  the  refrigerator,  hence  we  shall  not  undertake  to  discuss 
it  here, 

Thomson  Heat  and  Practical  Efficiency 

The  calculation  of  practical  efficiencies  involves  the 


351 


Lucke 


inclusion  of  the  irreversible  processes  of  heat  conduction  and  Joul- 
ean  heating.  The  calculation  of  heat  conduction  involves  a  knowledge 
of  the  thermal  gradient.  Unfortunately,  our  boundary  conditions 
are  known  only  in  terms  of  the  operating  temperatures  and  Tc, 
hence  we  must  solve  the  heat  conduction  equation  to  get  the  temp¬ 
erature  T  as  a  function  of  the  spatial  coordinates  and  then  differen¬ 
tiate  to  get  the  gradient.  In  this  calculation  we  visualize  the 
thermocouple  element  as  cylindrical,  taking  the  axis  of  the  cylinder 
as  the  x-axis,  and  assuming  that  current  flow  and  temperature  dis¬ 
tribution  are  independent  of  the  y  and  z  axes.  In  the  most  general 
case,  the  thermal  conductivity,  k,  the  Thomson  coefficient  ^^and 
the  electrical  resistivity,  p,  are  all  functions  of  the  absolute  tem  ¬ 
perature  T  and  the  heat  conduction  equation  is 

k(T)-diJr,:/(T)  =  0 


Clearly  this  is  a  job  for  a  computer.  However,  for  many  materials 
some  or  all  these  parameters  are  practically  independent  of  tem¬ 
perature,  and  for  many  more  their  variation  with  temperature  is 
not  large.  Hence,  while  a  solution  of  the  heat  equation,  treating 
the  parameters  as  constants  is  only  approximate,  it  gives  some 
insight  into  the  problem. 


Treating  k,  'Y  and  p  as  constants  we  have 


d2T 

a*2 


,  ,  I .  'VdT  x  .1.2 
±<A>  T  — +  (*)  p  =  0 


dx 


where  1/ A  is  the  current  density  assumed  constant  over  the  cross- 
section  A.  The  plus  sign  in  front  of  the  Thomson  heat  term  is  used 
when  Thomson  heal  is  evolved,  and  the  minus  when  it  is  absorbed. 


The  solution  is 

T  -  T  ?  rx  4 
c  — 


rL  +  (T,  -  T  ) 
h  c 

_  l-e+PL 


(1 


C+P*| 


where  r 


and  L  =  length  of  clement. 
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Making  use  of  an  appropriate  series  expansion,  we  find  the  heat 
flow  into  the  hot  end  of  the  element  to  be 


0.  =  — {T  -  T  )^p  ^1  T (T  -  T  )  -  }l2  S^-+  C 

h  L  h  c  2  h  c  2  A 

and  the  heat  flow  out  of  the  cold  end  is 

O  =  (T  -  T  >  +  \  I  T(T  -  T  )  +  \  I2  C, 

0  L  h  c  2  h  c  2  A 


where  the  correction  term  is 


(5) 


(6) 


It  will  be  noted  that  the  terms  in  the  first  bracket  are  identical  with  the 
last  two  terms  in  equations  (5)  and  {6}.  The  two  termB  in  the  braces 
represent  the  first  two  terms  in  an  alternating  series  expansion,  in 
which  the  variable  is  the  ratio  of  the  Thomson  heat  to  the  conducted 
heat.  In  any  practical  case,  this  ratio  is  probably  no  greater  than 
l  to  10.  Hence,  the  correction  term  represents  less  than  2%  of  the 
terms  immediately  preceding  it  and  wc  shall  neglect  it. 


For  the  purpose  of  exposition  we  write  the  equation  for  heat 
flow  into  the  hot  end  of  a  type  I  element  used  in  a  generator  (i.  e.  , 
Thomson  heat  evolved). 


Q,  =  -y-(T,  -T  )  -  ~I  T<T  -T  )  -  1 12 
h  L  h  c  2  h  c  2  A 


The  first  term  is  seen  to  be  simply  the  heat  conducted  because 
of  the  temperature  difference  T}l  -  Tc.  The  coefficient  kA/  L  is  just 
the  thermal  conductance  K,  The  third  term  is  clearly  half  the  total 
Joulean  heat  evolved  since  A  is  just  the  resistance  R.  The 
minus  sign  indicates  that  the  heat  flow  into  the  hot  end  is  diminished 
by  half  the  total  Joulean  heat  generated,  in  other  words  half  the 
Toulcan  heat  flows  "back"  to  the  hot  end. 
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The  second  term  la  half  the  total  Thomson  heat  generated 
and  since  it  is  evolved,  has  the  same  sign  as  the  Joulean  term. 
Here  again,  half  the  Thomson  heat  flows  back  to  the  hot  end, 
diminishing  the  demand  on  the  riot  source.  However,  the  original 
source  of  this  Thomson  heat  is,  as  we  have  already  seen,  the 
Peltier  heat  absorbed  by  the  hot  junction.  Hence,  the  evolution 
of  Thomson  heat  costs,  in  terms  of  the  heat  taken  from  the  hot 
source,  half  of  the  total  Thomson  heat. 

The  heat  flow  out  of  the  cold  end  of  the  type  I  element  is 

f 

Q  =  K  (T  -T  )+  -T  )+  yI2R 

c  n  c  m  ri  c  w 

Here  we  see  that  the  net  Thomson  heat  absorbed  from  the  hot 
source  is  simply  rejected  to  the  cold  reservoir  as  is  half  the 
Joule  heat. 

Thomson  Heat  and  Practical  COP 


The  heat  flow  into  the  hot  end  of  a  type  II  element  acting  as 
a  generator  (i.  e.  ,  Thomson  heat  absorbedjis 

Qh  -  K(Th-Tc)+  I1'11 

In  this  case,  half  of  the  Thomson  heat  is  taken  from  the  hot  source 
(which  is  the  same  as  the  net  result  for  the  previous  case)  by  what 
may  be  considered  an  apparent  increase  in  the  thermal  conducti¬ 
vity.  Since  the  heat  flow  out  of  the  cold  end  for  the  present  case 
is 

Qc  -K<Th-Te>-  llT<W  I1'11 

we  see  that  the  heat  flow  out  of  the  cold  end  is  diminished  by  half 
the  total  Thomson  heat.  We  may  think  of  this  in  terms  of  half  the 
Thomson  heat  being  abstracted  from  the  conducted  heat.  In  any 
event,  the  total  Thomson  heat  is  the  source  of  part  of  the  Peltier 
heat  rejected  at  .he  cold  junction  (See  Figure  2),  Thus,  the  net 
effect  for  this  case  is  the  same  as  that  of  the  previous  one:  The 
ht  at  taken  from  the  hot  source  is  increased  by  half  the  Thomson 
nest,  and  this  is  just  the  net.  amount  of  Thomson  heat  which  appears 
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at  the  cold  junction. 

Taking  the  case  of  a  type  I  element  (Figure  1,  with  current 
reversed)  used  as  a  refrigerator,  we  'ote  that  since  the  direction 
of  current  flow  is  reversed  Thomson  heat  is  now  absorbed.  The 
heat  flowing  to  the  refrigerated  junction  is 

Q  -  K  (T  -T  )-  ylTfT  -T  )+  jlZR 
c  h  c  2  h  c  2 

and  the  heat  flowing  from  the  hot  junction  (toward  the:  cola)  is 

Q,  =  K  (T.  -T  )  +  1 1  ^(T,  -T  )  -  |l2R 
n  n  c  2  he  a 

In  this  case,  the  Thomson  heat  aids  vs  in  that  it  diminishes 
the  flow  of  heat  to  the  refrigerated  junction.  Of  the  total  Thomson 
heat,  half  is  abstracted  from  the  conducted  heat  and  half  from  the 
hot  junction.  Since  the  total  Thomson  heat  is  rejected  at  the  hot 
junction  as  part  of  the  Peltier  heat  and  only  half  of  this  flows  back 
through  the  element  the  net  effect  is  to  abstract  half  the  Thomson 
heat  from  the  refrigerated  junction  (though  strictly  we  only  dim¬ 
inish  the  inevitable  flow  of  conducted  heat  to  the  junction  by  this 
amount)  and  reject  it  to  the  hot  reservoir. 

Turning  now  to  a  type  II  element  used  to  refrigerate 
(Figure  2  with  current  reversed),  Thomson  heat  is  evolved.  The 
heat  flow  into  the  refrigerated  junction  is 

Q  =  K  (T  -T  )+  ^i  Td'  -T  )+  il2R 

c  he  Z  he  2 

and  the  heat  flow  from  the  hot  junction  toward  the  cold  is 

Qh  =K(VTc>-  i'2r 

Here  most  of  the  Thomson  heat  is  abstracted  from  the  refrigerated 
junction  in  the  form  of  Peltier  heat  (the  rest. being  furnished  by 
the  current  3ource),  but  by  the  equation  for  Qc  half  is  allowed  to 
flow  back  with  the  conducted  heat.  From  the  equation,  we  see 
that  the  conducted  heat  flow  from  the  hot  reservoir  is  diminished 
by  half  the  Thomson  neat.  Hence,  the  net  effect  is  again  to  re¬ 
move  about  half  the  Thomson  heat  from  the  refrigerated  junction 
and  pass  it  to  the  hot  reservoir. 
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The  above  discussion  of  Thomson  heat  has  been  carried  out 
on  the  baiiis  of  type  I  and  II  elements  only  for  the  sake  of  simpli¬ 
city,  A  little  thought  will  show  that  the  same  arguments  hold  for 
types  III  and  IV.  Thus,  to  the  extent  that  our  solution  of  the  ther¬ 
mal  conduction  equation  ia  correct,  there  is  little  choice  to  be 
made  between  the  types  for  use  as  either  refrigerator  or  genera¬ 
tor  insofar  as  the  absorption  or  rejection  of  Thomson  heat  is  con¬ 
cerned. 

THE  CALCULATION  OF  PRACTICAL  EFFICIENCY 

f 

The  calculation  of  the  practical  efficiency  of  the  generator 
whose  characteristic  is  shown  in  Figure  3  is  straightforward, 
though  highly  algebraic. 

The  heat  flow  from  the  hot  junction  for  the  P -element  is 

°h(P)  =  kp<w  - 11  %<VTC>  -  1i2rp 

For  the  N-elemenf  it  is 

°h(N)  *  KN  <VTc>  +  l1  %  <VTc>  - 

The  total  heat  abstracted  from  the  hot  source  is  obtained 
by  summing  these  flows  and  adding  the  Peltier  heat.  Thus 

Qin  *  I*hTh  +  KP<VTc>-  i'^p'VV-  KPP 
+  KN(VTc>+  i*TN«VTe>-  KRN 

-  1  Vh  +  K  <  VV  +  I  Tl  'VV  •  1 1?R 

where  *h  =  <^ph  +  <*nh;  K  .  Kp  ♦  Krf  ?'=  Tn  -  %>  *  -  Rp  + 
R^,  The  net  Thomson  coefficient  may  be  plus  or  minus  or  zero. 

The  power  out  may  be  found  by  finding  the  heat  flow  out  of 
the  cold  junction,  adding  the  cold  junction  Peltier  heat  and  sub¬ 
tracting  the  reuult  from  the  heat  flow  in.  This  approach,  however, 
produce*  an  algebraic  expression  which  simply  reduces  to  the  one 
found  by  the  usual  electrical  approach,  i.  e.  , 
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2  :tL 
(R  +  Rl)2 

It  is  simplest  to  express  as 

£-  5(Th-Tc). 

Thus,  the  efficiency  is  r 

£2<vt/ 

— a - p* - — rr~  (7> 

I  <*.  T.  t  K(T.  -T  )  +  4~I  (T.  -T  )  -  -±1  R 
nn  n  c  c  n  c  c 

Using  I  =  &  {Th"Tc) 

R  +  R. 

L 

and  proceeding  as  Joffe  does  to  find  the  value  of  the  ratio  of  Rl  to 
R  giving  the  greatest  efficiency  we  find 


If  "  <^c  =  d*  (in  which  case  -  0),  this  reduces  to  Joffe 's 

expression.  In  the  practical  case  if  ^  and  k  are  known,  the  other 
necessary  parameters  may  be  determined  graphically  and  the 
optimum  value  of  the  load  is  then  readily  determined.  Substitution 
of  this  value  into  equation  (7)  gives  the  optimum  efficiency. 

It  should  be  evident  from  this  example  that  using  equations 
(5)  and  (6),  the  calculation  of  generator  efficiencies  is  straight¬ 
forward  and  simple.  If  Thomson  heat  is  evolved,  the  sign  of  the 
second  term  ir.  the  equation  is  negative  (the  same  as  the  Joulean 
term);  if  Thomson  heat  is  absorbed,  it  is  positive  (the  opposite 
of  the  Joulean  term  which  is  always  negative  since  Joule  heat  is 
always  evolved).  Summing  the  heat  flows  of  the  two  elements  and 
adding  the  Peltier  heat  gives  the  total  heat  abstracted  from  the 
hot  source. 
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THE  CALCULATION  OF  PRACTICAL  COP 

Suppose  now  that  the  couple  whose  characteristic  is  dia¬ 
gramed  in  Figure  3  is  to  be  used  as  a  refrigerator.  Since  the 
current  is  reversed,  Thomson  heat  will  be  absorbed  in  the  P- 
element  and  evolved  in  the  N -element.  Hence 

°c(P)  *  KP<VV-  |TPX(Th-Tc)  +  }l2Rp 


Qc(N)  *  I  ^nI(VTc,  +  ll2R 

and  the  total  heat  flow  to  the  cold  junction  is 

Q,  =  K  (T  -T  )  +  “  I  (T  -T  )  +  jl2R 
f  h  c  2  h  c  c 


where 


Hence,  the  heat  abstracted  from  the  cold  reservoir  is  the  Peltier 
heat  minus  the  flow  to  the  cold  junction  or 

°R  ■  1  *cT«  -K(W  -  -  KR  (8> 


In  this  case,  the  Thomson  heat  is  seen  to  subtract  from  the 
refrigerated  heat.  However,  if  ’yp  were  greater  than  'K  or  if 
a  couple  composed  of  types  I  and  III  elements  were  used  the  Thom¬ 
son  heat  term  would  be  positive,  i.  e.  ,  aiding  the  refrigerated  heat. 
In  such  a  case,  it  can  be  shown  that  the  maximum  temperature 
difference  available  under  conditions  of  zero  refrigerator  load  is 


~  ZT  2 
2  c 

1  2  ^ 

1  -  j  ZT  {"3“  ) 
C  C  C1  c 


If  T  is  zero, this  is  seen  to  reduce  to  Joffe's  expression  for 
maximum  temperature  difference.  For  ‘^comparable  to  <^c 
the  present  expression  indicates  a  largpr  maximum  temperature 
difference  than  that  indicated  by  Joffe, 
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The  basis  on  which  equation  (8)  for  the  refrigerator  heat  is 
derived  is  clearly  quite  similar  to  those  already  outlined  for  the 
generator.  As  usual  the  electrical  power  required  can ‘be  written 

£i  +  i2r 

or  -  2 

I  <3*  (T  -T  )  +  I  R. 
h  c 


Hence,  the  COP  is  given  by 


I  cK  T  -K'T  -T  )  -  f  ~  T  -T 
COP  =  c  c  '  h  V  2-  71  h  c 


I  A  (T,  -T  )  +  I  R 
h  c 


Calculations  for  optimum  current  and  best  COP  proceed  in  a 
straightforward,  if  somewhat  laborious  manner. 


Heat  Pump 


Using  the  thermocouple  of  Figure  3  as  a  heat  pump.  We  note 
that  here,  as  in  the  refrigerator,  the  P-element  absorbs  Thomson 
heat  and  the  N-element  rejects  it.  Therefore,  we  have  for  the  heat 
flow  from  the  hot  junction 


Kp  (Th.Te, 


1 

z 


hN 


■  •VVVr1'*'- 


n'W  +  K* 


Hence,  the  hfeat  rejected  to  the  hot  reservoir  is  the  Peltier  heat 
minus  the  flow  away 

Q  =  A.  T.  -  K  (T  -T  )  -  -I'TiT,  -T  )  -  i  l"R. 
e  hh  h  c  2  h  c  2 


The  electrical  power  required  is  the  same  as  that  for  the 
refrigerator  and  we  have 


COP  = 


I  <).hTh  -K(Tt-TJ  -  }l/?'<Tu-rj  -IlZR 


7^ 


(T  -T  ) +  I  R 
h  c 
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Here  again  we  may  improve  the  COP  by  making  greater  than 

or  W  choosing  type*  I  and  III  elements  to  make  'f  large  and 
the  Thomson  term  positive.  This  consideration  may,  however,  be 
overbalanced  by  the  importance  of  making  A  ^T^  as  targe  as  pos¬ 
sible  , 

GENERAL  REMARKS  AND  SUMMARY 

It  is  hoped  that  the  foregoing  discussion  makes  clear  the 
qualitative  aspects  of  the  phenomena  of  Thomson  and  Peltier 
heating.  It  is  also  hoped  that  the  method  of  graphical  analysis  of 
thermoelectric  characteristics  has  been  made  clear.  This  method 
should  prove  to  be  a  valuable  tool  in  design. 

The  calculation  of  practical  efficiencies  demands  the  solution 
of  the  heat  conduction  equation  including  terms  lor  both  Thomson 
and  Joulean  heats.  The  fact  that  a  rigorous  solution  of  the  general 
equation  demands  that  the  coefficients  be  expressed  as  functions  of 
the  temperature  means  that  the  solution  presented  here  has  a  dis¬ 
tinctly  limited  accuracy.  However,  the  present  solution, including 
as  it  does  the  Thomson  heat,  represents  a  step  beyond  Joffe's  work. 
Calculations  of  generator  efficiency,  where  large  temperature 
differences  are  used,  will  probably  be  considerably  in  error.  The 
present  solution  may,  however,  be  entirely  adequate  for  use  in 
calculating  refrigerator  coefficients  of  performance  since  here 
the  temperature  differences  are  relatively  small.  Work  is  being 
planned  to  verify  this  prediction. 

The  third  point,  which  it  is  hoped  is  clarified  is  that  the  v 

reversible  thermoelectric  cycle  is  not  a  Carnot  cycle.  This  mis¬ 
apprehension  may  have  been  fostered  by  Joffe's  work  in  which  he 
sets  the  Thomson  coefficient  equal  to  zero,  thereby  allowing  the 
Seebeck  voltage  to  be  written  simply  as 

6  -  *<Th  -  v 

A  further  simplification  result^  from  the  fact  that  the  Peltier  heats 
may  be  written  as  <>T>,  anc*  ^Tc  which  permits  the  collection  of 
either  of  these  terms  with  the  terms  expressing  the  Seebeck  voltage. 
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It  has  been  my  experience  that  where  Jofi'e's  simplification 
is  not  follqjyed,  calculations  are  expedited  if  an  average  value  of 
A  (i.e.  ,  )  it  uoed  in  the  expression  for  the  voltage.  Hence, 

it  is  suggested  that  where  the  figure  of  merit  Z  arises  in  the 
course  of  a  computation  based  on  a  fixed  temperature  difference 
that  it  be  understood  to  denote 


where  is  the  quantity  defined  in  equation  (1). 
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THERMAL  PROPERTIES  OP  CAEMIUM  ANTIMONIDE 


G.  G.  Kretschmar,  R.  F.  Potter 
U.  S.  Naval  Ordnance  laboratory 
Corona,  California 


The  do  Lamination  of  the  thermal  conductivity  and  the  See- 
beck  coefficient  of  a  thermoelectric  material  is  of  importance  for  the 
evaluation  of  the  "figure  of  merit"  of  the  material  with  possibili¬ 
ties  for  refrigeration  or  electrical  generation.  For  an  efficient, 
refrigerator,  for  example,  one  needs  a  material  having  a  high  Seebeck 
coefficient  and  a  low  heat  conductivity  and  low  electrical  resistivi¬ 
ty  over  the  temperature  range  of  interest. 

Heat  conductivity  measurements  were  made  on  samples  of  CdSb, 
which  holds  some  promise  as  a  thermoelectric  material.  The  measure¬ 
ments  were  made  by  means  of  a  modified  form  of  the  Fitch  conductivity 
apparatus-^ familiar  to  many  college  physics  students.  The  Fitch  me¬ 
thod  offers  a  means  of  determining  conductivity  in  a  rapid  manner 
with  relatively  small  sample  size.  It  can  also  be  adapted  to  measure¬ 
ments  over  a  considerable  range  of  temperature.  In  conventional  ther¬ 
mal  conductivity  measurements,  the  sample  is  placed  between  a 
measured  source  of  heat  and  a  sink  and  the  heat  required  to  maintain 
a  steady  temperature  gradient  is  determined.  In  the  Pitch  experi¬ 
ment  the  problem  of  measuring  heat  conductivity  is  greatly  simpli¬ 
fied  because  the  sink  or  receiver  is  allowed  to  vary  in  temperature; 
only  the  source  remains  constant  and  the  rate  of  change  of  tempex'a- 
ture  of  the  receiver  block  Is  measured.  With  a  knowledge  of  the 
block  mass  and  the  gram  heat  capacity,  the  rate  of  heat  flow  into  the 
block  can  be  determined.  Pitch  equated  this  to  the  heat  flow  through 
the  sample,  obtaining  the  heat  conductivity  in  terms  of  the  slope 
of  linear  plot  of  the  temperature  readings . 
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Kie  heat  through  a  Bample  of  crocs  section  A  and.  length  L  with 
temperature  difference  and  thermal  conductivity  fC  is  given  by : 


KA  ^To  "  V 
L 


(1) 


The  rate  of  gain  of  the  Bloch  B  with  gram  heat  capacity  Cg,  mass  Mfi 
and  a  rate  of  temperature  change  of  ATfi 

At 


*SL 

At 


B 


Equating  (l)  and  (2)  and  integrating,  ve  get 


<To  -  tb> 

To  ■  ■lb)o 


KA 

W 


t  -*0) 


For  any  two  successive  values  of  t  this  becomes 


(2) 


ln(To  ’  TB)l 

~“~*b)2 


(Tc 


KA 

W7 


(t2  -  V 


From  which  \c 


c/bl 


In 


(T  - 
'  o 


CB>1 

JTj 


/(t2  -  V 


B'2 


(3) 


It  is  to  be  noted  that  the  tacit  assumption  is  made  that  the 
heat  capacity  of  the  receiver  is  very  much  greater  than  that  of  the 
sample;  in  other  vorda,  the  energy  retained  by  the  sample  is  negli¬ 
gible.  This  condition  is  easily  res' ' ;ed  in  practice  by  making  the 
receiver  large  and  of  a  material  of  h.gh  specific  heat,  and  the 
sample  proportionately  very  small.  The  error  introduced  by  this 
assumption  is  of  the  order  (C  M  )/0CJ<l_  where  the  subscript  S  refers 
to  the  sample.  8  b  ^ 


experimental 


The  apparatus  as  constructed  for  our  experiment  is  shown  in 
Fig.  1.  The  sample  is  at  L.  It  should  be  from  about  2  to  10  mm  in 
length.  The  copper  heat  receiver  is  K  and  it  is  supported  only  by 
the  sample,  so  that  conduction  losses  are  only  those  due  to  the 
slight  contacts  of  the  thermocouple  ceramic  tubing.  The  receiver 
K  is  completely  surrounded  by  the  copper  radiation  shield  J.  The 
heat  receiver  has  a  nickel  wire  sensing  element  £  wound  around  it, 


J 

( 
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Figure  1  -  Cross 
section  of  assem¬ 
bled  apparatus 


KrettJc^nar 


and  this  la  one  arm  of  a  Wheatstone  bridge  of  which  the  opposite  arm 
Is  C,  the  control  element  of  the  copper  heat  shield.  By  means  of  an 
electronic  control  circuit,  the  temperature  of  the  heat  shield  is 
made  to  follow  the  temperature  of  the  receiver  to  a  difference  of 
less  than  0.1°C.  Thun,  for  a  large  renge  of  temperature  the  radia¬ 
tion  losses  from  the  receiver  can  be  taken  as  negligible.  The  tem¬ 
perature  equality  of  the  receiver  and  the  heat  shield  is  monitored 
by  the  4  mil  cooper  constantan  thermocouple  I, 

The  copper  base  R  is  attached  to  the  shield  by  three  very 
thin  stainless  steel  supports  (not  shown) .  It  has  a  sensing  winding 
0  and  s  heater  P,  which  can  hold  the  base  to  «  very  constant  prede¬ 
termined  temperature  by  means  of  a  separate  sensitive  electronic 
control.  The  base  temperature  is  monitored  by  means  of  the  thermo¬ 
couple  N  and  it  can  usually  be  held  constant  to  leas  thar  0.01°C  for 
periods  longer  than  10  minutes.  The  vires  attached  to  the  sample  K 
are  probes  for  measuring  the  thermal  EMP  developed  by  the  sample  mat¬ 
erial  at  different  gradients  across  the  sample. 

The  whole  apparatus  is  put  inside  of  a  large  pyrex  glass 
tube  and  pumped  out  to  a  vacuum  of  about  10’ so  that  gaseous 
convection  losses  are  eliminated.  The  pyr ex  tub*  also  permits 
immersion  in  liquid  nitrogen  or  dry  ice,  or  in  a  heating  furnace,  so 
*  that  the  experiment  can  be  made  over  an  extended  temperature  range. 

The  differential  thermocouple  ?  measures  the  chjmglng 
temperature  difference  between  the  base  and  the  heat  receiver.  Its 
output  is  fed  into  a  Llston-Folb  DC  amplifier  snd  thence  into  a  Broun 
recorder.  The  photograph  Fig,  2  shows  the  thermal  conductivity 
apparatus  attached  to  a  vacuum  system  and  around  it  can  be  seen  the 
two  Leeds  and  Nor t hr up  potentiometer  indicators,  a  large  Dewar  for 
cold  imoersion  and  a  temperature  controller  for  use  with  furnace 
immersion.  In  the  rack  are  the  DC  amplifier,  the  Brown  recorder  and 
the  two  temperature  controllers.  Since  the  thermal  conductivity  of 
CdSb  is  quite  low,  about  that  of  glass  or  hard  wood,  it  is  necessary 
to  make  a  good  thermal  contact  between  the  sample  and  the  copper  base 
snd  also  between  the  sample  and  the  heat  receiver.  The  best  techni¬ 
que  to  date  seems  to  be  to  make  the  surfaces  fiat  and  then  press 
them  together  with  a  email  amount  of  low  Corning  high  vacuum  grease 
between. 

to>Elttents.l  JtesuHs 

Measurements  were  made  on  an  n-type  sample  of  CdSb  over  the 
range  160°K  to  476°K.  The  results  are  presented  in  Fig,  3  for  the 
thermal  conductivity  and  in  Fig.  4  for  the  Seebeck  coefficient. 
Similar  data  for  the  p-typa  sample  are  presented  in  Fig.  5  snd 
Fig.  6.  Low  tsmpersture  runs  for  sample  34  P  showed  considerable 
scatter  and  era  considered  unreliable  because  of  uncertain  thermal 
contact  with  the  basa  and  receiver. 
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Figure  2  -  Conductivity  apparatus  and  accessory 
measuring  equipment 


Figure  3  -  Seebeck  EMF  as  a 
function  of  temperature 
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Discussion 

a,  Thormal  Conductivity 

It  la  apparent  from  Plga.  4  and  G  that  the  thermal 
conductivity  of  the  two  samples  la  vary  similar  over  the  rang*  of 
100°K  to  500°K.  R*ch  sample  exhibits  a  behavior  I^T*1  up  to  a 
temperature  of  between  300  and  400°K  at  which  point  a  deviation  free, 
this  law  occurs.  The  conductivity  is  assumed  to  constat  of  two 
terms;  one  due  to  a  phonon  contribution  the  other  attributed  to 
•  spurious  thermal  conductance  caused  by  radiation  (f^), 
o.g.jC  *KL+ 

v  b.  ‘Phonon  Thermal  Conductivity 

The  thermal  conductivity  of  insulating  crystals  has 
shown  afl  dependence  at  temperatures  corresponding  to  gr  larger 
than,  their  respective  Debye  characteristic  temperature  .  It  is 
also  generally  accepted  that  this  behavior  is  characteristic^ 
phonon  interaction  with  the  lattice.  Dugdale  and  MacDonald  £.!  have 
given  an  approximate  expression  far  the  product  |<.T  by  considering 
a  mean  free  path  lpfor  phonons  (by  which  momentum  in  transported^ 
and  having  that  lp limited  by  the  enharmonic  nature  of  the  lattice. 

T  =  V„l/3C  VMr  (4) 

c.  V 

where  V  -  volume  of  unit  cell 
c 

C„  -  Specific  heat/vol 

V  -  sound  velocity 

,A  -  coefficient  of  linear  expansion 
Y  -  Gruneisen's  constant 

By  considering  a  suggestion  by  Pierls  it/  that  thermal  resistance 
effects  are  contributed  by  Umklapp  processes  (such  processes  corres¬ 
pond  to  phonons  undergoing  Bragg  reflections  in  a  periodic  lattice) 
Klemens  and  Subfried  and  Schioeiaann  obtain  an  expression  for 
KT.  The  latter  obtained  the  following  estimate 

i  2  ^  i  1/3  r  3 

KT  -  3.C  (ops-  -5-  (Vc)  B  (5) 

Although  therfc  are  many  approximations  in  (5),  it  is 
of  interest  to  compare  it  with  the  experimental  value  obtained  from 
CdSb; vatts/cm  as  determined  from  Figs,  3  and  5.  When  this 
value  is  equated  with  (2)  ustng'C'r  2,  m  u  V.C  x  10"23  grms  and 
CVc)x/3  s  7.4  x  10"®  cm  one  obtains  a  value  for  9 of  S5°K.  A 
reasonable  guess  for  the  Debye  temperature  for  CdSb  would  place  it 
between  100®  and  700°  K.  Thus  within  the  guess  for  pand'f  values 
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the  experimental  data  is  In  reasonable  agreement  with  (5), 
c.  Gray  Body  Radiation  Effects 

It  la  estimated  that  at  500°K  «  correction  of  approxi¬ 
mately  n  s  10"^  (cal/cm  sec  den)  must  be  made  to  the  thermal 
conductivity  measured  with  the  apparatus  of  Fig.  1.  This  is- caused 
by  the  exposure  of  the  receiver  K  to  the  heat  source  R.  The 
correction  term  is  given  byftr  s  •*  ~f.T3  L  Ag/A^,  where  <r- 
Stephan-Boltsman  constant  end  f. -  smissivity  of  copper,  The  ratio 
Ar/^L  ”  3  L  —  1  cm  and  £-0.2  are  used  for  the  estimate. 

Figs.  4  and  6  shew  such  an  effect  at  temperatures  above 
400°K.  The  apparatus  is  being  modified  by  extending  the  radiation 
shielding  in  order  to  reduce  the  ratio  A^/A^  and  minimize  fC.. 

d„  Electronics  Contribution. to  Thermal  Contribution. 

The  estimate  for  the  radiation  conductance  does  not 
appear  large  enough  to  account  for  all  the  extra  conductance  observ¬ 
ed.  Ambi polar  dlffualon  of  electrons  and  holes  hau  been  suggested  as 
a  possible  source  of  thermal  conductance  in  semiconductors  ]_! • 

For  an  Intrinsic  semiconductor  with  equal  hole  and  elec¬ 
tron  mobilities  thi*  electronic  thermal  conductivity^,  can  be 
approximated  by 


The  approximation  is  valid  when  electron  scattering  terms 
of  the  order  2  to  6  can  be  neglected  compared  to  Eg  (kT. ) 


Eg  -  energy  gap  (0.A  erv.  for  CdSb) 


e  -  elactron  change 

-  electrical  conductivity  (50  (ohm  cm)  for  CdSb) 
T  *  absolute  temperature 


The  values  for  f<o  determined  from  «q  6  are  of  the 
right  magnitude  to  fit  the  observations  if  the  radiation  effects  are 
no  larger  than  estimated  in  paragraph  c.  It  is  intended  to  check 
this  with -the  new  apparatus. 


e.  Seebeck  e.m.f. 

The  thermoelectric  potentials  wore  observed  against 
copper  electrodes.  As  can  be  seen  from  Figs.  3  and  5,  the  emf 
values  drop  off  at  the  lower  temperatures  which  is  normal  behavior 
m6^riaJ8:  Fu*ure  studies  will  determine  how  the 

fulfil  f”*  v,luC8  behave  function  of  impurity  content  and 

crystalline  nature. 
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Summary 


thermal  conductivity  of  the  semiconductor  CdSb  has 
been  measured  from  lOO^K  to  500°K  using  a  modified  Fitch's  apparatus. 
The  principal  mode  of  conductance  up  to  4oo°K  is  that  contributed  by 
the  lattice.  At  higher  temperatures,  the  conductivity  deviates  from 
the  T"  3a  v  characteristic  of  phonon  conductance .  A  modification 
of  the  apparatus  should  minimize  spurious  effects  due  to  radiation, 
allowing  a  determination  whether  an  electronic  thermal  conductance 
is  present  at  higher  temperatures . 

The  See beck  emf  vas  seen  to  fall  off  at  lower  temperatures . 
Future  experiments  with  improved  crystals  and  various  doping  agents 
may  indicate  how  the  Seebeck  emf  can  be  raised  or  suitably  modified 
in  a  suitable  temperature  range . 

The  authors  wish  to  thank  D.  H.  Johnson  who  took  most  of  the 
measurements  reported  here . 
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SOME  ASPECTS  OF  THE  LUMINESCENCE  OF 
GLASS  AND  ITS  APPLICATIONS 


Robert  J.  Ginther  and  James  H.  Schulman 
U.  S.  Naval  Research  Laboratory 
Washington,  D.  C. 


Introduction 

While  a  large  number  of  luminescent  glass  composition"/  are 

(i 

known  there  has  been  no  large  application  of  luminescent  glass  in 
devices  which  require  a  high  luminescent  light  output.  There  is  a 
general  impression  that  the  luminescence  of  glass  phosphors  is  less 
efficient  than  that  of  crystalline  materials  and  that  this  difference 
in  efficiency  is  accentuated  when  the  phosphors  are  excited  by  high 
energy  radiation  such  as  high  velocity  electrons(l).  A  lower  ef¬ 
ficiency  for  glasses  than  for  crystals  seems  reasonable  since 
glasses,  lacking  long  range  order,  might  not  be  expected  to  trans¬ 
fer  energy  from  absorbing  to  emitting  sites  as  efficiently  as  do 
crystals.  This  should  be  true  not  only  for  electrons  but  for  any 
process  in  which  energy  is  absorbed  in  ions  of  the  glass  structure 
other  than  emitting  centers.  It  should  be  true  for  x-rays,  for 
gamma  rays  and  even  for  ultraviolet  light  absorbed  in  other  than  a 
discrete  absorption  band  of  the  activator.  However,  when  light  is 
absorbed  in  the  characteristic  absorption  band  of  the  activator 
there  seems  to  be  no  fundamental  reason  for  a  lower  efficiency  in 
glass  phosphors  than  in  crystals. 

Since  the  efficiency  of  glass  phosphors  with  high  energy  excita¬ 
tion  is  very  likely  restricted  by  the  limited  transfer  of  energy  one 
might  expect  to  improve  the  efficiency  of  glasses  by  preparing 
samples  of  either  high  activator  concentration  or  of  high  concen- 
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trations  of  ions  which  can  transfer  energy  to  the  activator  by  res¬ 
onance  processes.  With  increasing  concentration  of  either  of 
these  species  an  increasing  portion  of  the  incident  energy  will  be 
absorbed  by  either  the  activator  ions  or  at  sites  favorable  to  the 
transfer  of  energy  to  the  activator,  A  requirement  of  such  an 
improvement  would  be  that  the  high  concentrations  employed  do  not 
quench  the  luminescence  process. 

The  current  program  of  the  investigation  of  luminescence  in 
glass  has  as  its  primary  practical  goal  the  development  of  an  in¬ 
organic  glass  scintillation  phosphor.  In  the  course  of  this  program 
the  performance  of  some  of  the  glasses  prepared  were  examined 
with  cathode-ray  excitation,  and  as  a  result  of  this  examination  a 
program  of  preparation  of  cathodoluminesccnt  glass  has  recently 
been  started. 

Glass  scintillators  have  the  obvious  advantage  that  they  could 
presumably  be  fashioned  in  almost  any  desired  shape  or  thickness 
and  at  a  cost  much  lower  than  that  of  clear  single  crystals.  A 
glass  phosphor  could  even  conceivably  be  made  integral  part  of 
the  electronic  detector  such  as  the  window  of  a  photomultiplier 
tube.  Glass  cathode  ray  screens  would  have  the  advantages  af¬ 
forded  by  their  transparency.  These  include  improved  resolution, 
and  contrast  as  demonstrated  for  transparent  cathodoluminesccnt 
films  by  Studer  and  Cusano(^)  and  by  Feldman  and  0'Hara(3), 

Only  a  few  glass  scintillators  have  been  reported  previously. 
Kovacevic  and  Kostic  have  employed  a  uranium  glass  for  the  de¬ 
tection  of  neutrons, (4)  but  its  efficiency  is  believed  to  be  very  low. 
The  Corning  Glass  Co.  baa  prepared  a  gamma-ray  sensitive 
cerium -activated  96.0%  silica  glass,  similar  in  type  to  the  high 
silica  glass  known  as  "Vycor".  Corning  has  also  prepared 
several  experimental  cerium -activated  glasses  of  undisclosed 
composition,  which  detect  gamma  rays. 

Experimental  Procedure 

The  evaluation  of  scintillating  glasses  consisted  of  compari¬ 
son  of  their  pulse  heights  with  that  of  a  Harshaw  crystal  of  thal¬ 
lium  activated  sodium  iodide.  Pulses  excited  by  a  gamma  ray 
source  were  detected  with  RCA  photomultiplier  tubes  6655  or 
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6903  in  an  Atomic  Instruments  Company  model  223  scintillation 
head,  and  observed  on  a  Tektronix  type  545  oscilloscope  equipped 
with  a  53/54K  plug  -in  unit,, 

The  evaluation  of  the  response  of  the  glasses  to  neutron  ex¬ 
citation  was  made  by  Dra.  Lowell  Bollinger  and  Frank  Thomas  of 
the  Argonne  National  Laboratory. 

Performance  with  cathode  ray  excitation  consisted  of  measure¬ 
ment  of  the  screen  brightness  as  a  function  of  applied  voltage  at 
constant  beam  currents,  and  the  determination  of  emission  spectra 
and  decay  rate.  Samples  were  excited  in  either  a  demountable 
cathode-ray  tube  or  in  sealed  tubes  prepared  by  the  N.R.L.  , 
Electron  Tube  Engineering  Section.  Both  the  demountable  and 
sealed  tubes  employed  R.C .A.  type  5AB  electron  guns.  Screen 
brightnesses  were  measured  with  a  Spectra  Brightness  Spot  Meter 
(Photo  Research  Corp.  l/2*  Ultrasensitive  Model).  Emission 
spectra  were  determined  with  a  calibrated  spectroradiometer. 
Decay  times  were  obtained  by  exciting  the  phosphors  with  a  square 
wave  ray  pulse  of  100-microsecond  duration  and  observing 

the  decay  of  the  luminescence  with  a  photomultiplier  tube  and  oscil¬ 
loscope. 

Cerium  activated  high  silica  glass  was  prepared  by  the 
Corning  Glass  Co.  presumably  by  impregnating  porous  96%  silica 
glass  with  a  cerium  solution  and  then  heating  the  impregnated 
samples  to  a  high  temperature  to  produce  a  luminescent  glass(5). 

In  our  laboratory,  luminescent  high  silica  glaus  was  prepared  by 
impregnating  Corning  No.  7930  poroun  glass  with  solution  of  Ce, 
Eu,  Sm,  T1 ,  Mn,  Sn,  V,  Cu,  U,  and  Yb  and  heating  subsequently 
to  1200 *C.  It  was  found  that  samples  prepared  with  No.  7930  glass 
as  received  would  not  produce  efficient  phosphors  since  the  porous 
was  contaminated  with  both  organic  matter  and  inorganic 
impurities.  Boiling  the  No.  7930  glass  with  concentrated  nitric 
and  sulfuric  acids,  followed  by  extended  washing  with  water  in  a 
Soxhlet  extractor  rendered  the  porous  glass  suitable  for  the  pre¬ 
paration  of  luminescent  high  silica  glass. 

Meltable  type  glasses  were  prepared  by  melting  together  the 
component  oxides,  carbonates,  or  oxalates  and  either  casting  the 
melts  into  a  steel  mold  or  allowing  them  to  cool  in  the  crucible 
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in  which  they  were  prepared.  Simple  borate  glasses  could  be  melt¬ 
ed  at  temperatures  a*  low  as  1000*C,  but  samples  containing  high 
concentrations  of  Al^O^  or  Si02  required  a  melting  temperature  of 
about  1400 *C.  Silicate  glasses  containing  no  boron  were  melted  at 
1500  *C.  Samples  containing  cerium  require  melting  in  a  reducing 
atmosphere:  This  was  conveniently  provided  by  placing  the  plati¬ 
num  crucible  containing  the  raw  materials  in  an  alumina  crucible 
of  about  the  same  size,  and  suspending  the  latter  crucible  on  a  bed 
of  carbon  inside  a  large  covered  alumina  crucible.  The  reducing 
atmosphere  was  also  used  for  samples  containing  Eu  and  Mn. 

The  raw  materials  employed  in  glass  preparation  were  gener¬ 
ally  of  reagent  grade  or  were  specially  purified  in  our  laboratory. 
Reagent  grade  sodium  carbonate,  borajt,  and  boric  at. id  were  used. 
Magnesium  carbonate  was  of  a  grade  employed  in  the  preparation 
of  luminescent  magnesium  tungstate.  Linde  A.  alumina  was  used 
as  the  source  of  aluminum.  Lithium  carbonate  and  cerous  oxalate 
were  prepared  in  our  own  laboratory  as  random  selection  of  com¬ 
mercially  available  lots  gave  erratic  results.  Potter's  sand  was 
used  in  early  silicate  glasses,  but  it  was  found  that  substitution  of 
silica  prepared  from  ethyl  silicate  gave  improved  scintillation 
efficiency . 


Results 

A.  Development  and  evaluation  of  glass  scintillators. 

Of  the  various  glass  samples  submitted  to  our  laboratory  for 
evaluation  by  commercial  manufacturers  only  the  Corning  cerium- 
activatcd  high  3ilica  glass  and  some  cerium  activated  meltable 
glasses  also  prepared  by  the  Corning  Glass  Co.  exhibited  scintil¬ 
lation  pulses.  The  pulse  height  of  these  materials  were  7.0  and 
3.5%  of  that  of  thallium  activated  sodium  iodide  respectively. 

The  samples  prepared  in  our  laboratory  included  borate,  silicate, 
borosilicate  and  phosphate  glasses  activated  with  most  of  the  ions 
generally  known  to  produce  luminescence  in  crystal  phosphors. 

Of  these,  promising  scintillation  pulses  were  observed  only  with 
cerium  activated  samples. 

The  first  materials  prepared  were  alkali  borate  and  boro¬ 
silicate  glasses.  Development  of  these  materials  is  best  illus- 
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trated  with  reference  to  Table  I. 

Table  I 

Sample  Composition 

1  1.0Na20  0.03Ce203 

2  1.0  Na20  0.03  Ce203 

3  1.0  Na20 

4  1.0A1203  1.0  Naz0 
§  1 » OAi^O-j  1;0  Nft^d 
6  1. 3  A1203  1.0  Na20 


Pulse  Height,  as 


percent  of 

Nal(Tl) 

4.  0  B203 

1.5 

4. 0(B203+Si02) 

1.5 

4.0(B?03+Si0?) 

1.8 

3  4.0(B203+Si02) 

3,0 

0.03  Ce 

0;ldCe2d3  4.O(B2d34Si02)  5.0 

0.10Ce203  1.0  B203  1.5  Si02  7.0 


The  first  scintillating  samples  were  sodium  borate  glasses. 
The  most  efficient  of  these  proved  to  have  a  Na20-B203  ratio  of 
1-4.  The  optimum  cerium  content  proved  to  be  the  maximum 
amount  which  could  be  incorporated,  0.03  mole.  Substitution  of 
silica  for  boric  oxide  did  not  change  the  efficiency  at  least  up  to  a 
ratio  of  1. 0  B203  -  3.0  Si02.  With  higher  silica  content  smaller 
pulses  were  obtained.  In  samples  containing  at  least  1.0  mole  of 
Si02  the  cerium  solubility  was  increased  to  at  least  0.10  mole 
with  a  slight  improvement  of  efficiency.  Alumina  was  found  to 
improve  the  efficiency  further  as  shown  by  samples  4  and  5. 
Variation  of  the  mole  ratio  of  all  of  the  constituents  has  produced 
the  optimum  formula  represented  by  sample  6.  Its  pulse  height 
of  7.0%  is  equal  tojthat  of  the  Corning  cerium-activated  high  silica 
glass.  Further  variation  of  the  composition  of  this  material  has 
not  led  to  improvement.  It  has  been  found  that  substitution  of 
either  potassium  or  lithium  for  sodium  produced  slightly  poorer 
pulses,  whereas  the  incorporation  of  alkaline  earths  produced 
more  serious  quenching.  Calcium  and  strontium  incorporation 
reduced  the  pulse  height  greatly,  and  barium  produced  complete 
quenching  when  these  ions  were  substituted  for  half  the  alkali. 
When  phosphorus  was  used  to  replace  silica  or  1 oron,  similar 
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quenching  occurred,  ions  which  would  be  reduced  to  meal  -r  iw 
highly  colored  products  by  the  reducing  atmosplie could  n,.  U. 
employed  even  though  among  these  are  a  number  of  ions  wm,  '■> 
would  be  of  great  interest  both  because  of  their  glass  forming  nd 
gamma  ray  absorption  properties. 

Cerium  activated  high  silica  glass  has  been  prepared  in  our 
laboratory  with  a  pulse  height  6.0%  of  that  of  Nal(Tl),  but  the 
7.0%  efficiency  of  the  Corning  product  was  not  obtained.  Our  most 
efficient  samples  were  obtained  only  by  prolonged  purification  ot 
the  Corning  No.  7930  porous  glass  raw  materia]  and  it  appears 
likely  that  the  discrepancy  between  the  (efficiency  of  the  Corning 
product  and  our  own  is  due  to  variation  in  the  purity  of  the  porous 
glass  employed. 

Among  the  crystalline  compounds  which  have  been  activated 
with  cerium  to  produce  cathode  ray  excited  phosphors  }  the  most 
efficient  appear  to  be  the  compounds  MgO-CaO- ZSiO^;  ZCaO-MgO1 
2Si02(6)  and  2Ca0-Al20  3'Si02'*'.  The  first  of  these  was  chosen  as 
a,  model  to  explore  as  a  scintillating  glass  since  glasses  of  rather 
similar  composition  have  been  reported  by  Larsen(8  )  and  since 
the  other  two  compounds  would  very  likely  require  melting  tempera¬ 
tures  in  excess  of  1500*C  f  the  upper  limit  of  our  present  furnaces. 
The  development  of  glasses  based  originally  on  magnesium  calcium 
silicate  is  outlined  in  Table  II. 


Table  IJ 


No. 

Composition 

Pulse 

MgO 

CaO 

Si02 

Ce2°3 

Li20 

Al?0^ 

Height  as 

%  of  Nal 

(Tl) 

1 

.326 

.  234 

.44 

0 

2 

.301 

.209 

.44 

.  025 

1 .  b 

3 

.276 

.184 

.44 

.025 

.025 

3.  5 

4 

.226 

.134 

.44 

.  025 

.  05 

.  02  5 

6 . 5 

5 

.26 

.50 

.005 

.  065 

.05 

14.  0 

Glass 

number 

1  is  a 

formula  of  La 

rsen . 

Activation 

of  this 

glass  with  cerium  produces  a  weak  pulse  rs  shown  by  sample  No.  2. 
It  has  been  observed  that  the  substitution  of  cerium  for  a  divalent 
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ion  in  somi.  crystalline  compounds  is  facilitated  by  the  simultaneous 
incorporation  of  an  equal  concentration  of  a  monovalent  ion  (9).  The 
total  positive  ior:  charge  is  thereby  unchanged  from  that  of  the  sub¬ 
stituted  divalent  ions.  This  was  the  basis  of  the  original  addition 
of  lithium  to  this  glass  o\ en  though  there  has  not  been  any  demon¬ 
stration  that  this  type  ■  >(  ’  charge  comoens ation"  is  useful  in  glass 
formulation.  The  lithium  ..-l  ."lit:  on  is  shown  by  sample  3  to  improve 
the  pulse  height  to  3,5%.  The  incorporation  of  aluminum  followed 
from  its  beneficial  effect  in  borate  and  bbro-silicate  samples  and 
the  first  aluminum-containing  giass  of  this  series  exhibited  a  pulse 
height  of  6.5%.  The  most  efficient  glass  produced  to  date  is  the 
final  composition  of  Table  II.  It  was  obtained  by  empirical  varia¬ 
tion  of  the  component  oxides  and  employment  of  the  purest  raw 
materials  available.  It  was  found  that  the  concentrations  employed 
were  not  extremeiv  critical.  Silica  n  ay  be  varied  from  0.45-0.55 
mole  without  appreciable  changes  in  pulse  height.  The  same  pulse 
obtained  within  a  cerium  t  one  ent  rat  ion  limit  of  0.01-0.03  mole  f 
and  the  Li /Mg  ratio  can  be  doubled  without  affecting  the  pulse  height, 
•the v  increase  of  lithium  reduces  the  pulse.  The  aluminum 
eritration  is  not  critical  with  regard  to  pulse  height  but  at  least 
>8  mole  must  be  present  to  produce  clear  glass.  The 

p  -cnce  of  calcium  in  the  original  formula  was  found  to  be  detri- 
rr.c  taj  a-  was  the  incorporation  of  other  alkaline  earths.  Substi- 
eth  /  joric  oxide  for  silica  produced  much  smaller  pulses. 

A  . ..  i  nquest  of  Dr.  Lowell  Bollinger  samples  of  boron  and 
lit.  ..m  taming  glasses  were  submitted  to  the  Argonne  National 
La.  re  t  •  in  order  to  test  their  performance  as  neutron  scintil- 
latort  3  e  behavior  of  .uclctted  samples  representing  the  four 
types  of  g  rs  prepared  to  both  neutron  and  gamma  excitation  at 
Argonne  is  ’own  in  'fable  III,  From  this  table  it  is  apparent  that 
all  four  t  ‘vs  ’  rf  neutron  sensitive  as  well  as  gamma  sensitive. 
Sample  Z  .  r*.  tent  ior  time  of  flight  experiments  because  of  us 

high  boron  corif.t  '  .though  its  neutron  pulse  is  the  lowes*  of  the 
four  and  its  neut.  .  gamma  pulse  ratio  the  poorest,  this  ratio 
is  superior  to  mat  f  presently  employed  boron  loaded  liquids  (10). 
Although  sample  3  h  -  "t  belter  neutron  pulse  and  neutron  to  gamma 
ratio,  its  lower  be  m  ..  "meat  is  believed  to  render  it  less  useful 
for  time  of  flight  e.vpe  rents.  The  96.0%  silica  glass  is  of  such 
low  boron  content  th  t  s  use  as  a  neutron  scintillator  is  not  liksly.  . 
The  largest  neutron  ox.  d  pulses  as  well  us  (he  moGt  favorable 
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neutron  to  gamma  ratios  have  been  obtained  with  lithium-containing 
glasses  of  the  type  represented  by  sample  4.  The  relatively  low 
lithium  content  as  well  as  the  lower  neutron  cross  section  of  lithium 
compared  to  that  of  boron  render  this  glass  of  less  interest  for  time 
of  flight  work  than  the  borate  glasses.  The  lithium  content  has  been 
increased  to  2.5  times  the  concentration  of  sample  4  ,  but  this  in¬ 
crease.  is  not  considered  a  significant  quantity  when  compared  to  the 
boron  concentrations  obtainable  in  borate  glasses.  Increased 
lithium  lowers  the  gamma  excited  pulse  height  and  improves  the 
neutron  to  gamma  ratio.  Other  parameters  such  as  the  resolution 
of  the  gamma  pulse  have  been  found  to  be  dependent  on  glass  com¬ 
position,  so  that  choice  of  an  optimum  composition  of  the  lithium 
containing  glasses  will  depend  upon  their  intended  use. 


Table  III 


Sample 


Composition  Relative  Pulse  with 

height  neutrons 
with  Pulse  with 
neutrons  2,3  Mev 


3  Ce -activated  9^»  silica  120  . 218 

2  1.0Na20,1.3Al2C3,3.0B203,0.10Ce203  39  .064 

3  l.CNa20,l.  3Al203,1.0B203,1.5Si02,  56  .085 

0. 10Ce£03 

4  0.25MgO,0.065Li20,0.05Al203,0.50Si02,951  .277 

0,  01Ce20, 

B.  Evaluation  of  Glass  Cathode  Ray  Screens 


One  of  the  routine  tests  applied  to  the  glass  samples  prepared 
»».  the  scintillator  development  program  was  the  observation  of 
heir  luminescence  under  excitation  with  a  low  pressure  gas  dis¬ 
tended  to  simulate  their  performance  under  cathode  rays, 
f.  .  samples  tested  the  most  promising  appeared  to  be  the  high 
.  sij.i'  ;J«»asr-<  ikeiivated  with  cerium,  copper,  and  manganese, 

’iV'.  o.  -n  investigation  of  the  properties  of  these  materials 

*»e  -V  le  ray  screens  was  undertaken.  Included  in  the  test  was  a 
urt.  glass,  Corning  No.  3750,  whose  cathodoluminescence  had 
been  hserved  to  be  outstanding  amohg  commercially  available 
•■ran.,  n  %■  asses. 
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The  emission  spec  :ra  of  the  glasses  chosen  are  shown  in  Fig.  1. 


Figure  !  •  Spectral  distribution  of 

luir  inesoence  of  bathodolumine  scent 
gla  ses 


The  uranium  glass  has  th';?  gr^en  emission  typical  of  uranium  acti¬ 
vated  phosphors.  Copper  activation  produced  a  blue -green  lumi¬ 
nescence.  'T’he  manganese  activated  glass  has  its  main  emission 
peak  near  6200A>  bu  -.  in  addition  to  the  familiar  orange -yellow 
manganese  emission  tie  emission  spectrum  reveals  a  blue  com¬ 
ponent  believed  to  be  iden.:ie?l  to  the  emission  of  unactivated  high 
silica  glass.  The  ceiifim  activated  glass  has  only  a  portion  of  its 
emission  in  the  visibl  j  region.  Fig.  2  shows  a  curve  of  its 
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Figure  2  -  Urn  orrectud  phototube 
response  curve  ct  cerium  activated 

glass 


uncorrected  emission  spectrum  observed  through  a  Bausch  it  Lombe 
grating  monochromator .with  a  IP 2 it  photomultiplier  tube. 

Fig.  3  shows  the  brightness  of  the:  cerium,  manganese, 
and  uranium  glasses  as  a  function  of  accelerating  voltage  at  a 
current  density  of  5.0  ua/cm^.  Ter.t  conditions  did  not  permit 
a  similar  measurement  of  the  coppc  r  ivated  samples. 

Figs.  4  and  5  show  the  afterglow  of  the  glass  samples  excited 
by  a  square  wave  pulse  of  100  micr  ''£;Cond  duration.  Fig.  4  in¬ 
dicates  that  the  decay  time  of  the  manganese  glass  is  in  the  milli¬ 
second  range.  Various  samples  havii  been  found  to  have  decay 
times  between  2.0xl0~3  and  4.0xl0"3  sec:.  There  is  in  addition  to 
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Figure  5  -  Brightness  of  ^l&ss  screens  as  a 
function  of  electron  beam  voltage;  beam  cur¬ 
rent  approximately  5  microamperes  per  sq  cm 


the  initial  exponential  decay  a  long  afterglow  associated  with  the 
manganese  emission.  Our  equipment  did  not  permit  accurate  deter¬ 
mination  of  emission  intensity  at  levels  lower  than  10  percent  of 
the  initial  value.  The  decay  curves  of  the  cerium,  uranium  and 
copper  activated  glasses  are  shown  ir.  Fig.  5.  The  copper  activat¬ 
ed  material  apparently  decays  exponentially  with  two  different  time 
constants.  For  the  initial  portion  of  the  curve  the  decay  time  is 
about  2x10“^  sec.  The  uranium  glass  decays  exponentially  with  a 
decay  time  of  about  10“^  sec.  The  cerium  glass  has  the  shortest 
afterglow;  its  decay  time  is  not  more  than  about  4  microseconds. 
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Figured  -  Dec sy  rates  of  manganese  activated  glasses 
after  100  microsecond  pulse  of  cathode  ray  excitation 


Discussion 

The  results  obtained  in  the  preparation  of  glass  scintillators 
have  been  encouraging.  Cam  me.  detectors  with  an  efficiency 
fourteen  percent  of  thallium  activated  sodium  iodide  as  well  as 
glasses  sensitive  to  neutrons  have  been  prepared.  To  date  little 
attention  has  been  given  to  an  investigation  of  the  mechanism  of 
scintillation  in  glass }  and  progressive  improvement  of  the  glass 
samples  was  obtained  by  the  general  procedures  employed  in 
phosphor  development*  These  have  included  choice  of  glass  matri¬ 
ces  having  good  solubility  for  the  activator,  and  the  use  of  mater¬ 
ials  and  processing  ter  un  gues  which  do  not  introduce  impurities 
into  the  samples ,  A  number  of  Interesting  questions  related  to  the 
scintillation  behavior  of  the*u  glasses  deserve  attention.  The  role 
of  ions  such  as  bavitv.  .  anc> phoapboraa  which  quench  the  scintillation 
process  but  do  not  seriously  affect  photoluminescence  behavior  is 
unknown.  Similarily ,  the  beneficial  effect  upon  the  scintillation  be¬ 
havior  of  t>  rat'1!  and  phosphate  gleius&s  produced  by  incorporation 


582 


v. 


•  'A'#* 


Ginther-Schulman 


0  *0  40  69  *0  100  120  140  WC  IK  too 

TIM  AfTtR  EXCITATION  (pSECSI 


Figure  5  -  Decay  rates  of  cerium,  copper,  and  uranium 
glasses  after  100  microsecond  pulse  of  cathode  ray 
excitation 


of  aluminum  is  unaccompanied  by  any  change  in  photoluminescence 
efficiency.  It  seems  reasonable  to  assume  that  the  role  of  these 
ions  is  to  improve  or  quench  energy  transfer  processes  in  the 
glass,  but  no  proof  can  yet  be  offered.  Measurements  of  absolute 
conversion  efficiency  as  well  as  optical  studies  of  the  glasses  may 
help  to  elucidate  these  mechanisms . 

The  field  of  scintillation  glass  development  has  by  no  means 
been  completely  explored,  but  some  of  the  present  findings  if 
continuously  confirmed  would  appear  to  limit  the  search  for  new 
scintillating  compositions.  Among  these  findings  are  the  fact  that 
to  date  only  cerium  activation  has  been  useful  despite  the  fact  that 
photoluminescent  glasses  activated  by  a  large  number  of  ions  are 
known.  At  present  best  performance  has  been  obtained  in  only 
borate,  and  silicate  glasses  containing  only  alkalis,  magnesium  or 
aluminum.  Introduction  of  any  other  ion  has  never  improved  the 
pulse  height,  and  most  often  produced  quenching.  The  inability  to 
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employ  heavy  elements  which  would  be  reduced  to  metals  by  the 
reducing  atmosphere  required  by  cerium  is  a  further  restriction. 

On  the  other  hand,  the  possible  combinations  of  the  ions  which  have 
been  found  useful  with  cerium  have  by  no  means  been  exhausted. 

It  is  entirely  possible  that  gradual  further  impro'  ».mint  of  the 
present  glasses  can  be  obtained  by  variation  of  tl;e  presently  per¬ 
mitted  components.  The  use  of  activators  other  hna  cerium  is  not 
precluded  by  the  present  results ,  however,  for  it  if.  entirely  pos¬ 
sible  that  glasses  so  far  prepared  with  these  activators  contain 
quenchers  for  these  activators  which  do  not  quench  ce*;.um  scintil¬ 
lation  . 

The  screen  brightnesses  obtained  with  cath.cdolumine scent  ex¬ 
citation  of  the  glasses  prepared  in  this  prgram  are  low  compared 
to  those  obtainable  with  conventional  settled  screen©  of  poly- 
crystalline  phosphors.  Since  the  luminescence  of  glass  phosphors 
along  with  that  of  transparent  crystalline  films  is  subject  to  total 
internal  reflection,  glass  screen  ,*  cannot  be  expected  to  approach 
the  brightness  of  polycrystalline  layers  and  should  more  properly 
be  compared  to  transparent  phosphor  films  of  approximately  the 
same  emission  spectra.  By  comparison  with  the  results  of  Feldman 
with  transparent  screens  it  appears  that  the  uranium  glass  has  a 
brightness  of  only  4.0%  of  a  clear  Z^SiO^Mn  screen,  the  manga¬ 
nese  glass  33.0%  of  a  ZnS:Mn  screen,  and  the  cerium  glass  30.0% 
of  a  CaW04  screen.  Comparison  of  screen  brightness  does  not  give 
a  comparison  of  energy  efficiency  since  the  samples  compared  do 
|  not  have  identical  emission  spectra.  When  allowance  is  made  for 

the  relative  luminosity  of  the  spectra  compared  it  appears  that  the 
energy  efficiency  of  the  manganese  glass  is  38-40%  of  the  ZnS:Mn 
film  and  the  cerium  glass  is  60%  as  efficient  as  the  CaW04  film. 

It  is  unlikely  that  glass  screens  can  be  prepared  whose  bright¬ 
nesses  would  approach  those  of  polycrystalline  screens,  but  for 
applications  in  which  contrast  or  definition  are  more  important  than 
brightness  it  would  appear  that  further  research  on  cathodolumi  - 
nescent  screens  is  in  order.  We  have  recently  undertaken  a  pro¬ 
gram  of  cathodoluminescent  glass  development  whose  primary 
purpose  is  to  obtain  meltable  glasses  whose  persistence  character¬ 
istics  would  enable  their  employment  in  military  field  devices.  To 
date  greatest  attention  has  been  devoted  to  silicate  and  borosilicatc 
glasses  activated  by  manganese.  Efficiencies  produced  to  date  are 
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superior  to  that  of  the  manganese  activated  high  silica  giaas  re 
ported ,  but  no  glass  of  useful  persistence  is  yet  available. 
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